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Introduction

The global production and use of synthetic chemicals and advanced materials have
increased drastically over the past few decades, driven by rapid development in the
pharmaceuticals, materials science, agriculture, and consumer products. It is estimated
that tens of thousands of chemicals are currently registered for commercial use,
with hundreds to thousands of new substances entering the market annuallyl. Once
released during production, use, or disposal, many of these substances inevitably enter
environmental compartments, particularly aquatic systems, where they may persist,
transform, or interact with biological systems. Predicting the environmental fate of such
a diverse and continuously expanding chemical space represents one of the central
endeavours in contemporary environmental chemistry.

Biodegradation plays a key role in determining environmental fate. It refers to the
microbial transformation of organic substances into simpler compounds and ultimately
inorganic products such as carbon dioxide, water, and mineral salts. Biodegradation data
indicate whether a chemical is rapidly removed from the environment or remains
available for prolonged exposure, thereby influencing persistence, bioaccumulation,
biomagnification, and long-term ecological risk®3. Accordingly, biodegradability
assessment is widely recognized as a first-tier screening tool in environmental risk
assessment frameworks.

To harmonize and standardize biodegradability testing across regulatory jurisdictions,
the Organisation for Economic Co-operation and Development (OECD) established
internationally accepted test guidelines in the late 1980s and early 1990s. Among these,
the OECD 301 series of “ready biodegradability” tests were developed to identify
substances that are rapidly and completely mineralized under aerobic aqueous
conditions®. These methods, including the closed bottle test (OECD 301D), are
intentionally conservative. They operate under favourable conditions to assess
the intrinsic biodegradation potential of a substance rather than its full environmental
behaviour. While these tests provide essential information for screening persistence, it
is increasingly recognized that biodegradability outcomes should be interpreted
alongside molecular structure, degradation kinetics, and environmental context to fully
understand their environmental relevance®”’.

In recent years, growing attention has been directed towards emerging greener
classes of chemicals and materials that defy conventional biodegradability assumptions.
One such class is Natural Deep Eutectic Solvents (NADESs), which are formed by
hydrogen-bonded mixtures of naturally occurring components such as choline, amino
acids, and organic acids. NADESs have been widely described as “green solvents” due to
their low volatility, tunable properties, and renewable origins®°. However, despite being
composed of naturally derived constituents, uncertainty remains regarding their
biodegradability, ecotoxicity, and potential indirect environmental impacts, such as
increased biological oxygen demand or nutrient-driven eutrophication following release
into aquatic systems?°.

Another relevant group comprises synthetic heterocyclic compounds, including
oxazole derivatives, which are commonly used in medicinal chemistry due to their
significant pharmaceutical application. The presence of heteroaromatic rings and
electron-withdrawing substituents can impart high chemical stability, potentially limiting
microbial degradation and increasing environmental persistence!'2. Given the



continuous introduction of new bioactive molecules, understanding the biodegradability
of such structures is essential for early identification of persistence risks’.

The increasing application of emerging biocompatible carbon nanomaterials such as
carbon dots (CDs)'® and nanodiamonds (NDs)*!® in drug delivery, bioimaging, and
sensors, has raised critical questions regarding their environmental fate!®’, as these
materials can enter aquatic and terrestrial ecosystems through manufacturing,
consumer use, and disposal. Carbon-based nanomaterials are generally considered non-
biodegradable due to their highly stable lattice structures, yet they are often
functionalized with organic surface moieties to enhance dispersibility and
functionality*®*°. In such hybrid systems, environmental behaviour is influenced by the
degradability of the surface-bound organic corona as well as the long-term persistence
of the nanomaterial core, posing hurdles for conventional biodegradation assessment
frameworks.

Understanding the environmental fate of chemicals and advanced materials is among
the central questions of the contemporary sustainable chemistry?°, particularly in the
context of increasing structural complexity and the emergence of novel material
classes?!. Biodegradation screening tests, such as the OECD 301D Closed Bottle Test, are
commonly employed to assess the ready biodegradability or persistence of the
substances??.. However, their applicability to diverse and non-conventional materials
remains insufficiently explored?. Together, these compound classes represent emerging
anthropogenic substances whose environmental persistence and biodegradation profile
should be evaluated proactively prior to widespread industrial, pharmaceutical, or
biomedical application.

The conceptual framework of this thesis is therefore based on the hypothesis that
standardized biodegradation screening, when interpreted in the context of molecular
structure and physicochemical properties, can provide a transferable basis for early-
stage environmental persistence assessment. This approach allows systematic
comparison between simple bio-based molecules, hybrid nanomaterials, and structurally
complex pharmaceutical compounds. Within this framework, the OECD 301D Closed
Bottle Test is employed not merely as a routine laboratory method, but as an analytical
platform to examine how structural features influence biodegradation behaviour under
controlled conditions.

By integrating results across these distinct systems, this thesis contributes to a
broader understanding of potential relationships between molecular structure and
environmental persistence, while critically assessing the applicability of standardized
biodegradation tests to emerging materials. The results provide a basis for more
informed environmental assessment strategies and support the development of
sustainable, benign-by-design chemical systems evaluated already at early stages of their
lifecycle
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Abbreviations

2-PAM Pralidoxime

AChE Acetylcholinesterase

API Active pharmaceutical ingredient

BBB Blood—brain barrier

BcA Blank control A

BcB Blank control B

Bet Betaine

BPA Bisphenol A

BOD Biological oxygen demand

CA Citric acid
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ChA Choline acetate

ChBt Choline bitartrate

ChOAc Choline acetate

ChTA Choline tartrate

CNS Central nervous system

CYP2M Cytochrome P450

DES Deep eutectic solvents

DGA Diglycolic acid

DLLME Dispersive liquid—liquid microextraction
DLS Dynamic light scattering

DOC Dissolved organic carbon

EG Ethylene glycol

EP End point

ESI Electrospray ionization

FTIR Fourier Transform Infrared spectroscopy
GA Glycolic acid

GB Sarin

Gly Glycerol

HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

HCCA a-Cyano-4-hydroxycinnamic acid

HI-6 HI-6 oxime

HPLC High-performance liquid chromatography
HRMS High-resolution mass spectrometry

Im Imidazole

L-LacA L-Lactic acid

LA Levulinic acid

LPME Liquid-phase microextraction

L-Pro L-Proline

MA Malic acid

MALDI-TOF Matrix-Assisted Laser Desorption/lonization Time-of-Flight
MITI Ministry of International Trade and Industry test
MS/MS Tandem mass spectrometry

m/z Mass-to-charge ratio
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NAMs
ND
ND-4a
NGS
NSAIDs
OECD
oP
PEG
PreSens
PTFE
QcA
QcB
QSBR
RP-LC
SDME
SP
TestA
TestB
ThOD
ToxA
ToxB
UHPLC
WWTP

Natural deep eutectic solvents

New approach methodologies

Nanodiamond

4-pyridinium oxime linked to PEG-diamine
Next-generation sequencing

Nonsteroidal anti-inflammatory drugs
Organisation for Economic Co-operation and Development
Organophosphorus

Polyethylene glycol

Precision Sensing GmbH
Polytetrafluoroethylene

Quality control A

Quality control B

Quantitative Structure—Biodegradation Relationship
Reversed-phase liquid chromatography

Single drop microextraction

Start point

Test substance A

Test substance B

Theoretical oxygen demand

Toxicity control A

Toxicity control B

Ultra-high-performance liquid chromatography
Wastewater treatment plant
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1 Literature overview

1.1 Biodegradation

Biodegradation is a fundamental ecological process through which organic compounds
are transformed and mineralized by microorganisms, in simple terms, microorganisms
utilize organic compounds as sources of carbon and energy, thereby transforming
complex molecules into simpler compounds or completely mineralizing them, enabling
the continuous cycling of carbon and nutrients in the environment. From an evolutionary
perspective, microorganisms represent Earth’s earliest and most effective degraders of
organic matter. Through the development of diverse metabolic pathways and enzymatic
systems, microbial communities have enabled the decomposition of a wide range of
natural biomolecules, ensuring that organic carbon does not accumulate indefinitely in
ecosystems?.

Billions of years ago, during the early stages of Earth’s history, microorganisms
emerged as Earth’s earliest biodegraders, initiating the natural breakdown and recycling
of organic matter. Under present-day oxygen-rich conditions, microbial communities are
highly efficient at degrading and mineralizing organic compounds, thereby ensuring the
rapid turnover of carbon within the ecosystems?>. However, during ancient geological
periods, this was not always the case, during the Carboniferous and Mesozoic eras,
organic matter often escaped complete microbial degradation due to its anoxic
environment. This incomplete mineralization led to the burial, and long-term
transformation of biomass into fossil fuels which ultimately enabled modern industrial
and technological development, a process that contrasts strongly with the rapid
biodegradation seen today.

In the modern era, the omnipresence of microbes, their metabolic diversity and
oxygen-rich environment together have allowed for the decomposition of most naturally
occurring organic matter?®. This continuous microbial turnover prevents the
accumulation of organic matter in natural ecosystems. Earth’s earliest microorganisms
were nature’s first recyclers, initiating the decomposition of organic materials. In today's
world, a different challenge has emerged, the increasing use of synthetic and structurally
complex compounds, particularly in the pharmaceutical and biotechnology industries,
has raised concern about their environmental fate and persistence. Unlike natural
biomolecules, many of these anthropogenic compounds may resist microbial
degradation, leading to persistence and potential ecological risks. For example, many fish
and amphibians have undergone feminization and other estrogenic effects due to
exposure to endocrine disruptors like BPA?” and Ethinylestradiol?®. These are only two
examples among many complex compounds that are having an adverse effect on our
environment by their limited biodegradation and increased environmental persistence.

Numerous historical cases demonstrate that chemicals initially considered safe can
have severe and unforeseen environmental consequences, as indicated in Table 1. A
prominent example is diclofenac. The case of diclofenac exemplifies a critical failure in
environmental risk assessment, where a drug deemed safe for humans and livestock led
to the catastrophic collapse of vulture populations across South Asia. The substance's
environmental persistence, a property not initially assessed, allowed it to remain in
livestock carcasses. The scavenging vultures, which were the victims of this case, were
exquisitely sensitive to diclofenac's renal toxicity, which was discovered later, due to this
they suffered mass mortality?®, causing population declines exceeding 97%. This case
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underscores the paramount importance of biodegradation testing. Such assessments
directly screen for a chemical's persistence: Environmental persistence contributed to
prolonged exposure and ecological impact. By identifying persistent substances early,
biodegradation testing acts as a crucial first-tier warning, triggering deeper investigation
into potential bioaccumulation and specific toxicological threats long before a chemical
is widely released, thereby helping to prevent such unforeseen and devastating
consequences.

" A chemical’s resistance to biodegradation is a prerequisite for its potential to undergo
biomagnification.”

Table 1. Environmental and biological impacts of selected pharmaceutical compounds detected in
aquatic environments.

Pharmaceutical Impact Affected References

type organism/system

B—!olockers Immobilization Daphnia similis 30,31

(Bisoprolol)

FI;ibslg;):lr(slr;I) Mortality Green algae 32

FI;ibslg;):lr(slr;I) Mortality Fish 32
Synechococcus

B-blockers Growth and developmental | leopolensis, 3

(Propranolol) problems Cyclotella
meneghiniana
Crustacean

Fl;lro!;crzigslol) Mortality (Ceriodaphnia 34
dubia)

B-blockers Embryonlf:' developmental Danio rerio 35

(Propranolol) abnormalities

Cardiovascular

NSAIDs and | abnormalities, altered hatch

Analgesics and  motor  behaviour, | Danio rerio 36-38

(Acetaminophen) | disruption of oocyte

maturation/ovulation

NSAIDs and

Analgesics Population decline Gyps vultures 3

(Diclofenac)

NSAIDs and Damage to gills, liver, and

Analgesics . ! ! Salmo trutta fario | 4%

. kidneys

(Diclofenac)

NSAIDs_ and Hlstolo_glca.I énd .cytolo_glc?l Oncorhynchus s

Analgesics alterations; impaired ionic ]

. . mykiss

(Diclofenac) regulation

NSAIDs and

Analgesics Inhibition of CYP2M enzyme | Cyprinus carpio 43-45

(Diclofenac)
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Pharmaceutical Impact Affected References

type organism/system
NSAID d

> A% | Oxidative stress and | Mytilus 4
Analgesics biomarker responses alloprovincialis
(Diclofenac) P gatiop
NSAIDs and
Analgesics Inhibition of CYP2M enzyme | Cyprinus carpio 47
(Ibuprofen)
NSAIDs . and Alteration of  breeding . . 48
Analgesics Oryzias latipes

patterns

(Ibuprofen)
NSAIDs and Cardiovascular abnormalities
Analgesics Danio rerio 43-45

(Ibuprofen) and developmental effects

NSAIDs and
Analgesics
(Ibuprofen)

Reduced plant growth and
physiological functions

Vigna unguiculata | #°

Following the recognition of the importance of biodegradation, a clear definition of
this concept and its underlying mechanisms is essential. Biodegradation is defined as the
transformation of chemical substances by microorganisms through enzymatic processes,
ultimately resulting in structural modification or complete mineralization®. These
processes are driven by diverse microbial metabolic pathways that utilize organic
compounds as sources of carbon and energy. Depending on the extent of transformation,
biodegradation can range from partial molecular transformation to complete
mineralization into inorganic end products. Consequently, biodegradation is not a
singular phenomenon but encompasses multiple stages and outcomes that differ in
environmental relevance, kinetics, and regulatory interpretation®®. Biodegradation is
commonly categorized into primary and ultimate biodegradation. Primary
biodegradation describes the initial structural alteration of a compound, resulting in the
loss of its original chemical identity or biological activity through the formation of
transformation products. While such changes may reduce functionality or toxicity, they
do not necessarily eliminate environmental persistence. In contrast, ultimate
biodegradation refers to the complete mineralization of organic compounds into carbon
dioxide, water, and inorganic salts, representing the definitive removal of organic carbon
from the environment. This distinction is particularly important for environmental risk
assessment, as ultimate biodegradation ensures the long-term elimination of a
substance from aquatic ecosystems.

Building on this distinction, biodegradation is usually investigated under different
conceptual and experimental frameworks, depending on the purpose of the assessment
and the environmental compartment of interest 3°1. Biodegradation studies are typically
organized into hierarchical levels of assessment, including screening tests, simulation
tests, and field-based observations !, as shown in Figure 1. Screening tests are designed
to rapidly assess whether a substance has the intrinsic potential to biodegrade under
favourable conditions, providing an initial indication of environmental persistence °2.
Simulation tests, in contrast, aim to reproduce specific environmental compartments
such as activated sludge, surface waters, sediments, or soils, allowing for a more realistic
evaluation of degradation kinetics and transformation pathways °3. Field studies offer
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the highest level of environmental relevance but are often limited by complexity,
variability, and lack of mechanistic control >*. Each of these approaches serves a distinct
role within environmental risk assessment, with screening tests acting as the first and
most critical step for identifying substances that may warrant further investigation 5.

Among screening approaches, standardized ready biodegradability tests play a central
role in regulatory frameworks, as they provide conservative and comparable
assessments of a chemical’s potential to undergo ultimate biodegradation >. These tests
are intentionally stringent, employing low microbial densities and non-adapted inoculum
to identify substances that biodegrade rapidly and completely under aerobic conditions
%6 A positive outcome in such tests implies a low likelihood of environmental persistence,
whereas failure does not necessarily indicate recalcitrance but rather triggers the need
for higher-tier studies *’. Given the widespread use and release of organic compounds
into aquatic environments, biodegradation under aerobic aqueous conditions is of
relevance. Consequently, this thesis focuses on comparative assessment of the
environmental biodegradability and persistence behaviour of diverse emerging
compounds and materials under standardized aerobic aqueous conditions using the
OECD 301D Closed Bottle Test, a widely accepted screening method for assessing
ultimate biodegradation based on oxygen consumption 6. By applying this standardized
approach, the work aims to systematically evaluate mineralization behaviour,
persistence potential, and structure-related biodegradation trends across diverse classes
of organic substances.

Biodegradation Testing Approaches

] N ;

il [

Activated @
Sludge Surface Water

Sediment

» Rapid Assessment » Environmental Simulation » Real-World Conditions
+» Controlled Conditions + Degradation Kinetics = High Variability
Lab-Based Controlled Environment Natural Environment

Figure 1. Conceptual overview of different biodegradation testing approaches, including screening
tests, simulation tests, and field studies. The figure was generated with assistance from ChatGPT
(OpenAl) and edited by the author.

Most organic pollutants, regardless of whether they are released directly into surface
waters, ultimately reach aquatic environments through processes such as runoff,
leaching, and atmospheric deposition. Consequently, understanding their behaviour in
aquatic systems is essential for predicting their persistence, transformation, and
potential adverse effects on aquatic flora and fauna. Accordingly, assessing the
environmental fate and biodegradability of chemical compounds at early stages of
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development: ideally during their design and synthesis: rather than after-market release,
is consistent with environmentally conscious chemical design principles, as it enables
structural modification of substances to reduce environmental persistence and
ecological risks before widespread use. According to OECD guidelines, biodegradability
tests are classified based on the level of environmental realism and the type of
information they provide regarding the degradation behaviour of a substance. These
tests are generally organized into three categories: screening tests, inherent
biodegradability tests, and simulation tests. Screening tests are stringent methods
designed to identify substances that are readily biodegradable under favourable aerobic
conditions. Inherent biodegradability tests evaluate whether a substance possesses the
potential to biodegrade under optimized conditions, even if degradation is slower or
incomplete. Simulation tests provide the highest level of environmental relevance by
reproducing specific environmental compartments, such as activated sludge systems,
surface waters, sediments, or soils, to estimate degradation kinetics and transformation
pathways under realistic conditions.

Among these categories, the OECD 301 series represents the standard screening-level
tests for ready biodegradability assessment. These methods differ primarily in their
analytical principle and suitability for compounds with different physicochemical
properties. The applicability of selected OECD ready biodegradability tests is summarized
in Table 2.

Table 2. Applicability of test methods based on OECD guidelines for ready biodegradability tests.

Test Analytical Suitability for compounds which are:

method poorly volatile adsorbing
soluble

DOC Die-Away (301 A)  Dissolved organic - - +/-
carbon

CO; Evolution (301 B) Respirometry: + - +
CO; evolution

MITI (1) (301 C) Respirometry: + +/- +
oxygen
consumption

Closed Bottle (301 D) Respirometry: +/- + +
dissolved oxygen

Modified OECD Dissolved organic - - +/-

Screening (301 E) carbon

Manometric Oxygen + +/- +

Respirometry (301 F) consumption

1.2 Biodegradation of metabolites and natural biomolecules

Natural metabolites such as amino acids, organic acids, simple sugars, and related
biomolecules are generally expected to be readily utilized by microorganisms as they
align with their central metabolic routes. Amino acids such as glycine and alanine can be
rapidly deaminated and incorporated into cellular metabolism, while organic acids such
as acetate and lactate serve as key intermediates in microbial energy production
pathways. Similarly, monosaccharides such as glucose and fructose are efficiently utilized
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through glycolysis by a wide range of microorganisms%. Experimental work in aquatic
systems has demonstrated that dissolved amino acids can be substantially mineralized
by microbial communities, with microbial metabolism often dominating their fate under
relevant environmental conditions®. Due to this easy metabolism, amino acids have
been used as indicators of organic matter degradation status in aquatic and sedimentary
environments, reflecting their role in biogeochemical cycling and microbial processing®.
Although these compounds are typically biodegradable, their effective turnover can still
be influenced by environmental constraints such as sorption interactions, community
composition, and redox conditions®>. These compounds are generally readily
metabolized by microbial communities, although the surrounding environmental
conditions can affect how fast this breakdown can happen.

1.3 Biodegradation of bio-based molecules and materials

Bio-based molecules and materials are usually assumed to be environmentally benign
due to their natural origin. However, bio-based origin does not automatically imply rapid
biodegradation under all conditions. OECD has emphasized that standards and test
methods (including biodegradability testing) are important for substantiating
environmental claims associated with bio-based products®. Reviews of biodegradable
bio-based polymers highlight substantial variability in biodegradation performance
depending on polymer chemistry, crystallinity, molecular weight, additives, and
environmental conditions, emphasizing the need for standardized testing and cautious
interpretation of “biodegradable” labels®?. Complementary assessments comparing
standard methods and real-world conditions further underline that biodegradation
outcomes can differ across matrices and that standardized tests provide controlled,
comparable data rather than direct field rate predictions®3.

Accordingly, research suggests that the incorporation of bio-based and biodegradable
fragments into synthetic platforms, such as ionic liquids (ILs) and surface-active ionic
liquids (SAlLs), has emerged as a promising strategy to enhance biodegradability and
support a benign-by-design approach. Early studies on amino acid-derived ionic liquids
have demonstrated that the use of naturally occurring building blocks, such as L-
phenylalanine and related amino acids, can improve environmental compatibility by
reducing microbial toxicity while maintaining or enhancing biodegradation potential®.
For example, L-phenylalanine-derived SAILs have been shown to combine surface activity
with improved biodegradation profiles, demonstrating the potential of amino acid-based
building blocks in environmentally compatible materials®. Similarly, toxicity profiling of
structurally related ionic liquids has revealed that the choice of cation and alkyl chain
length significantly influences biological effects, highlighting the importance of molecular
design in reducing environmental impact®®. More recent studies on dipeptide-based ionic
liquids further confirm that incorporating biodegradable fragments can enhance both
biodegradability and reduce toxicity, reinforcing the concept of sustainable molecular
design®. In addition, systematic investigations have established design rules indicating
that structural features such as ester linkages and shorter alkyl chains play a key role in
improving environmental degradability, providing a rational framework for the
development of greener ionic liquids®.
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1.4 Biodegradation of simple synthetic molecules

Many structurally simple synthetic molecules, such as low-molecular-weight oxygenated
compounds, are generally biodegradable because their chemical structures closely
resemble naturally occurring substrates and can be readily assimilated into existing
microbial metabolic pathways. Nevertheless, biodegradation rates and extents reported
in the literature vary depending on environmental conditions, microbial community
composition, and nutrient availability®®. Methodological literature comparing
respirometry tests emphasizes that experimental parameters (including endogenous
respiration and inoculum characteristics) can influence oxygen-consumption-based
biodegradation curves, reinforcing the role of guideline structure, validity criteria, and
appropriate controls in interpretation®®. In practical terms, simple molecules may pass
ready tests readily, but standardized conditions are still necessary to ensure
comparability across substances and laboratories.

1.5 Biodegradation of complex synthetic molecules and
pharmacophores

As molecular complexity increases—through aromaticity, heteroatoms in rigid ring
systems, halogenation, strong electron-withdrawing groups, or multiple functional
substitutions—biodegradation can become less favourable due to reduced enzymatic
accessibility or lack of suitable catabolic pathways. Aromatic and heteroaromatic
compounds have long been recognized as environmentally relevant because they are
prevalent pollutants and may exhibit persistence depending on substitution patterns and
environmental conditions®. This is particularly relevant for pharmaceuticals, where
structural motifs designed for biological stability (pharmacophores) can contribute to
reduced biodegradability and longer environmental residence times.

Reviews on pharmaceuticals in aquatic environments summarize that many active
ingredients are continuously introduced into surface waters and wastewater systems,
and their removal is often incomplete; biodegradation is one of the key attenuation
mechanisms, but outcomes vary strongly by compound class and system conditions’®%,
Importantly, pharmaceuticals can undergo primary biotransformation to transformation
products that may retain biological activity or persistence, meaning that ultimate
biodegradation cannot be assumed from partial loss of the parent compound*”. For
heterocyclic and structurally rigid pharmacophores, persistence concerns are frequently
emphasized in environmental fate discussions’?. Experimental work focusing on
heterocyclic aromatic contaminants similarly indicates that many such structures do not
meet ready biodegradability criteria, reinforcing the link between aromatic heterocycle
stability and reduced biodegradation under screening conditions”>.

1.6 Biodegradation and transformation of engineered nanomaterials

Engineered nanomaterials present a distinct challenge for biodegradability assessment
due to their hybrid composition, typically consisting of a stable inorganic or
carbonaceous core combined with diverse surface functionalizations. The
biodegradation and transformation of such materials depend strongly on particle
characteristics, including core composition, surface chemistry, functional groups, and
interactions with biological systems, such as bio-corona formation’. Environmental fate-
oriented synthesis further describes how colloidal behaviour, aggregation, and surface
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reactions govern transport and bioavailability, which in turn influence observed
biodegradation or biotransformation’. In contrast, studies on organic nanoparticles
have demonstrated that materials composed of biodegradable constituents can undergo
significant transformation and mineralization in aqueous environments, although
degradation rates remain highly dependent on particle structure, size, and surface
properties’®. For carbon-based nanomaterials in particular, recent reviews summarize
evidence that enzymatic and microbially mediated oxidation processes may occur under
certain conditions, but rates and extents can be limited, and outcomes depend heavily
on material properties and environmental context””.

1.7 OECD 301D Ready Biodegradability (Closed Bottle Test)

Often referred to as the closed bottle test (CBT), this test uses a respirometric analytical
method to assess the biological oxygen demand caused by the test substance. In the
assessment of chemical environmental fate, the OECD 301D Closed Bottle Test serves as
a stringent screening tool. The test simulates a “worst-case” scenario for biodegradation
by modelling a pristine receiving water body. It is therefore considered one of the
stringent tests for biodegradation among the other tests available because of the
following reasons:

1. Low inoculum concentration: this test uses a highly diluted inoculum, typically
obtained from wastewater treatment plant effluent, thereby mimicking
environmentally dilute conditions such as surface waters distant from pollution
sources.

2. Lack of pre-adaptation: the microorganisms used in this test are not previously
exposed or acclimatized to the test substances, whereas in the real world these
microorganisms can adapt over time, so this test requires microorganisms to
degrade the test substance with a non-adapted microbial community thereby
increasing the stringency of the test.

3. Low test substance concentration: the concentration of the test substance used
in this test is very low compared to other OECD biodegradability tests, it is also
below the threshold value that would allow the metabolic pathways to be
metabolically favourable for microorganisms.

For a substance to be classified as readily biodegradable according to OECD 301D Closed
Bottle Test it must meet these two criteria, within the standard 28-day test period:

1. The extent of degradation: The biodegradation value must reach a minimum of
60%. This is calculated based on the percentage of the theoretical oxygen
demand (ThOD) of the substance that is consumed by the microbes. This
indicates that the majority of the test substance has been mineralized (broken
down to CO, water and biomass).

2. The speed of degradation: This is the critical criterion for readiness. The 60%
degradation must occur within a 10-day window that begins when
biodegradation first reaches 10%.

1.7.1 Limitations of OECD screening tests and emerging improvements

Although OECD ready biodegradability tests, such as the 301D Closed Bottle Test, are
extensively applied as first-tier screening tools, their stringent design introduces several
limitations that can affect the interpretation of results. These tests employ low microbial
inoculum concentrations, non-adapted communities, and low quantity of test
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substances, which may not adequately represent environmentally relevant conditions.
As a result, many chemicals fail to meet the criteria for ready biodegradability, not
necessarily due to true persistence, but because the test conditions limit microbial
activity and diversity. This can lead to conservative and, in some cases, overly pessimistic
assessments of biodegradation potential.

To address these limitations, recent approaches aim to improve both realism and
efficiency in biodegradability assessment. High-throughput and miniaturized screening
methods’® allow variation of key parameters such as inoculum density and exposure
conditions, enabling a more nuanced understanding of biodegradation as a continuum
rather than a binary outcome. In addition, the integration of experimental data with
computational tools, such as QSBR models and machine learning, is emerging as a
promising strategy to enhance persistence predictions’. These developments contribute
to new approach methodologies, which complement traditional OECD tests within a
broader, multi-tiered framework for environmental fate assessment. The present work
does not aim to develop a novel OECD biodegradability methodology, but rather employs
an optode-based adaptation of the standard OECD 301D protocol for continuous oxygen
monitoring and improved experimental reproducibility.

1.8 Natural Deep Eutectic Solvents

Deep eutectic solvents were developed as a greener and cheaper alternative to the
traditional solvents such as ionic liquids, whose environmental benignity remains
debated in the current available literature. DESs can be obtained by simply mixing two
naturally derived components, which are inexpensive, renewable, and biodegradable
and are capable of self-association often through hydrogen bonding to form a eutectic
mixture. The resulting mixture generally exhibits a lower melting point than that of the
individual components® . Eutectic is a word derived from the Greek eutektos meaning
easy melting, which here is considered in the context of phase behaviour. DESs usually
consist of two components, a hydrogen bond acceptor (HBA) and hydrogen bond donor
(HBD). Natural Deep Eutectic Solvents (NADES) are a subclass of DESs composed of
naturally derived metabolites®?. Most of the available NADESs currently consist of
primary or biosynthetically derived metabolites. Based on their chemical nature, these
components can be grouped into 5 main categories: quaternary ammonium compounds,
organic acids, amino acids, sugars, and fatty acids.

NADESs have rapidly transitioned from a bio-inspired solvent concept to practical
tools across analytical chemistry, biocatalysis, pharmaceutics, and biomass valorisation.
Their respective applications are presented in Table 3:

Table 3. Reported applications of NADESs.

Application area Description / Key points References
Plant and food Extraction of polyphenols, flavonoids, alkaloids, 82
extraction pigments; greener alternative to organic
solvents.
Analytical sample Used in LPME, DLLME, SDME; improves 83
preparation selectivity and reduces solvent toxicity.
Enzyme Enhances enzyme stability, activity, and 84
stabilization & selectivity, compatible with many biocatalysts.
biocatalysis

21



Application area Description / Key points References
Pharmaceutical Increases solubility and stability of poorly 85
solubilization soluble drugs;
Drug delivery and Works as carriers/co-solvents; improves 86
biomedical use permeability and drug release behaviour.
Biomass processing  Useful for lignocellulosic biomass fractionation; 87
and valorization extraction from agro residues.
Natural products Proposed as natural intracellular solvents 88
research helping metabolite storage and stability.
General green Applied in  catalysis, electrochemistry, 8

solvent applications separations, and other sustainable processes.

The broad and expanding industrial use of NADESs increases the likelihood of
environmental release, reinforcing the need for systematic biodegradability assessment.
Although NADESs are composed of naturally occurring constituents, they cannot be
assumed to be inherently safe or environmentally benign. Similar assumptions were
previously made for DESs, based on the established safety profiles of their individual
components as reported in material safety data sheets; however, subsequent studies
have demonstrated that such mixtures may exhibit unexpected toxicity®°. This highlights
that the properties of eutectic mixtures cannot be reliably inferred from those of their
individual components, even when these are naturally derived metabolites °1. This
highlights the need to evaluate the actual environmental behaviour of these eutectic
mixtures.

In this regard, the present study investigates the biodegradability of 15 NADESs,
alongside selected individual components. The assessed systems, including their
hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), and molar ratios, are
summarized in Table 4.

Table 4. List of the NADESs assessed for their biodegradability with their composition and molar
ratio.

NADES HBA HBD Molar Ratio
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1.9 Nanodiamond-based drug delivery systems

Nanotechnology-based drug delivery systems have attracted increasing interest due to
their ability to improve bioavailability and transport across biological barriers. In the
present work, this is particularly relevant for oxime-functionalized nanodiamonds, whose

environmental

persistence and biodegradability remain poorly understood®*°3,

Nanocarriers offer advantages such as enhanced solubility of poorly water-soluble drugs,
controlled release, and the ability to overcome biological barriers, including the blood—
brain barrier (BBB)°>°*. These features make nanotechnology particularly valuable in the
treatment of complex diseases, including cancer and central nervous system (CNS)
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disorders. Among various nanomaterials, carbon-based nanomaterials have attracted
considerable attention due to their unique physicochemical properties, including high
surface area, chemical stability, and ease of functionalization®. This class includes carbon
nanotubes, graphene, fullerenes, and nanodiamonds, each exhibiting distinct structural
and biological characteristics®®. Their versatile surface chemistry allows for conjugation
with drugs, biomolecules, and targeting ligands, making them promising candidates for
drug delivery applications®.

Nanodiamonds (NDs) are carbon-based nanoparticles characterized by a diamond-like
sp® hybridized carbon core and a surface rich in functional groups such as carboxyl,
hydroxyl, and carbonyl moieties®’. These surface functionalities enable facile chemical
modification and conjugation with therapeutic agents. NDs exhibit excellent
biocompatibility, low cytotoxicity, and high colloidal stability compared to other carbon
nanomaterials, making them particularly suitable for biomedical applications®”%8, In
addition, NDs have demonstrated the ability to interact with biological membranes and
facilitate cellular uptake, which is critical for effective drug delivery. Their nanoscale size
and surface properties allow them to act as carriers for both hydrophilic and hydrophobic
drugs®”*°,

Surface functionalization of NDs is a crucial strategy to enhance their performance as
drug delivery systems. Functionalization can be achieved through covalent or non-
covalent approaches, enabling the attachment of polymers, drugs, and targeting
ligands!®. Among these, polyethylene glycol (PEG) modification is widely employed to
improve solubility, reduce aggregation, and increase circulation time in biological
systems!®l. Functionalized NDs have been investigated for a variety of biomedical
applications, including targeted drug delivery, imaging, and gene therapy®’. Importantly,
surface modification also influences the biological fate and potential biodegradation of
NDs. Although NDs are generally considered highly stable, emerging studies suggest that
surface-functionalized carbon nanomaterials can undergo gradual transformation under
oxidative biological conditions, which may facilitate their clearance and improve their
safety profile!®?,

Building upon these advancements, NDs have been functionalized with oxime groups
to develop novel therapeutic systems for the treatment of organophosphorus (OP)
poisoning. Oximes, such as pralidoxime (2-PAM), obidoxime, and HI-6, are nucleophilic
agents capable of reactivating acetylcholinesterase (AChE) inhibited by OP
compounds!®, These clinically used oxime antidotes typically contain quaternary
nitrogen (pyridinium) groups, which confer a permanent positive charge and enhance
their reactivity toward phosphorylated AChE!®*1%, However, this permanent positive
charge significantly limits their ability to cross the blood-brain barrier (BBB), thereby
reducing their effectiveness in reactivating AChE within the central nervous system'%. To
address this limitation, oxime moieties have been covalently conjugated to ND surfaces
through linker systems, often incorporating polyethylene glycol (PEG) spacers (Figure 2).
This strategy aims to enhance the delivery of oxime functionalities by improving their
transport across biological barriers and increasing their bioavailability. In addition, the
incorporation of variable spacer lengths allows modulation of molecular flexibility and
spatial orientation of the active oxime group, which may influence interaction with
biological targets and overall therapeutic efficiency. Oxime-functionalized NDs therefore
represent a promising approach for improving the efficacy of antidotes against nerve
agents and pesticide poisoning, particularly in scenarios where rapid CNS penetration
and reactivation of AChE are critical.
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Figure 2. 4-Oximinopyridinium-functionalized nanodiamond conjugates (ND-A1-ND-A3). Source:
Reproduced from Publication I, with permission from Elsevier.

Evaluating the biodegradation of oxime antidotes and their ND conjugates is essential
because these therapeutic systems are designed for deployment in scenarios involving
chemical warfare agents and organophosphate contamination, where large-scale or
repeated use may lead to environmental release'®”. Oxime molecules, especially when
modified or delivered through engineered nanoparticles, may persist in aquatic or soil
ecosystems if they are not readily biodegradable. Persistence can lead to long-term
accumulation, potential toxicity to microorganisms, and disruption of natural
biodegradation cycles. ND conjugation introduces an additional concern: although NDs
are considered chemically stable, their surface-functionalized forms may interact
differently with microbial communities and may alter degradation pathways®C,
Therefore, biodegradation analysis helps determine whether the ND oxime constructs
break down into harmless products, how fast this occurs, and whether the nanocarrier
or the oxime moiety contributes to environmental persistence. Although the structural
properties of quaternary oximes and ND-based carriers strongly indicate that these
compounds are unlikely to be readily biodegradable!®®, experimental biodegradation
testing remains essential to confirm their environmental persistence, understand
degradation pathways of surface functional groups, and support ecological risk
assessments for potential large-scale or emergency-response applications.

1.10 Biodegradation and environmental fate of oxazole-derived
pharmaceuticals

The widespread use of pharmaceuticals in the modern era has led to their continuous
release into the environment, particularly into aquatic systems through wastewater
effluents, hospital discharges, and agricultural runoff'®. These compounds, commonly
referred to as active pharmaceutical ingredients (APIs), are designed to exert biological
effects at low concentrations and are often not completely removed during conventional
wastewater treatment processes’. As a result, pharmaceuticals are increasingly detected
in surface water, groundwater, and even drinking water supplies, raising concerns about
their potential impact on both human health and ecosystems. Their continuous input and
pseudo-persistent nature make pharmaceutical pollution an emerging global
environmental issue!1®1t,

A significant proportion of pharmaceuticals contain heterocyclic moieties, which play
a crucial role in modulating biological activity, pharmacokinetics, and molecular stability.
Heterocycles, defined as cyclic compounds containing at least one heteroatom such as
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nitrogen, oxygen, or sulphur, are present in the majority of small-molecule drugs**2. Their
structural diversity and ability to participate in various intermolecular interactions make
them highly valuable in drug design. However, these same features, particularly
aromaticity and chemical stability can contribute to environmental persistence, making
heterocyclic pharmaceuticals an important class to evaluate in environmental studies®3.
Among heterocyclic compounds, azoles represent a prominent class of five-membered
aromatic rings containing nitrogen and, in some cases, additional heteroatoms such as
oxygen or sulphur. These compounds are broadly utilized in medicinal chemistry due to
their stability, versatility, and broad spectrum of biological activities, including antifungal,
antibacterial, antiviral, and anticancer properties!41>,

The aromatic character of azoles can contribute to increased resistance to
biodegradation, which may result in prolonged environmental persistence.
Consequently, azole-containing pharmaceuticals have attracted attention in
environmental research due to their potential to accumulate and exert long-term
ecological effects”!'3,

Within the azole family, oxazoles are five-membered aromatic heterocycles containing
one oxygen atom and one nitrogen atom in a 1,3 arrangement. The aromaticity of the
oxazole ring imparts rigidity, planarity, and significant chemical stability, while the presence
of heteroatoms creates an electron-deficient system capable of hydrogen bonding
interactions!'®!Y7, These physicochemical properties make oxazole derivatives valuable
scaffolds in medicinal chemistry, where they are frequently employed as bioisosteres of
amide groups. Because oxazole derivatives are structurally stable heteroaromatic
compounds commonly used in medicinal chemistry, their potential environmental
persistence following pharmaceutical release warrants biodegradability assessment,
including those with anticancer and antiviral activities '8, However, their structural
stability may also contribute to reduced biodegradability, necessitating further
investigation into their environmental behaviour!*®,

The oxazole derivatives investigated in this study were synthesized (Figure 3),
structurally characterized, and evaluated for anticancer activity by collaborators from
partnering institutions, together with Dr. Denys Bondar, TalTech. Active pharmaceutical
ingredients (APIs) can persist in aquatic environments and negatively affect both human
and ecological health, making it essential to evaluate their environmental behaviour
during early stages of drug development 7. Assessing the biodegradability of the
synthesized oxazole derivatives is crucial because APIs and their transformation products
are increasingly recognized as environmental pollutants. Since these oxazole derivatives
showed promising anticancer activity and structural stability, it is necessary to determine
whether they are capable of degrading under aerobic environmental conditions.
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Figure 3. Structures of the 5-(piperazin-1-ylsulfonyl)-1,3-oxazole-4-carbonitrile
derivatives 7a, 7b, and 8aa, for which biodegradation assessments were performed in the
present study. Synthesis of these compounds was carried out by co-authors as reported
in the original publication. Source: Reproduced from Publication Ill, under CC-BY 4.0
licence.
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2 Research objectives

The increasing introduction of structurally diverse chemicals and advanced materials into
the environment requires systematic approaches for assessing their persistence and
environmental impact. This thesis addresses this challenge within a unified framework
focused on emerging materials, including green solvents, pharmaceutical scaffolds, and
hybrid nanomaterials.

The objectives of the present work are:

To perform a comparative evaluation of the aerobic biodegradability of
representative compounds from these distinct chemical classes: natural deep
eutectic solvents (NADESs), oxime-functionalized nanodiamonds (NDs), and
oxazole derivatives using the OECD 301D Closed Bottle Test as a common
experimental platform.

To analyze how molecular structure, chemical complexity, and hybrid material
architecture may influence biodegradation behaviour under controlled
screening conditions. Particular attention is given to identifying trends in
biodegradability across simple bio-based systems, structurally complex
pharmaceutical molecules, and surface-functionalized hybrid nanomaterials.

To interpret the biodegradation results within the broader context of
environmental persistence and environmental relevance, including indirect
effects such as eutrophication potential, persistence of nanomaterial systems,
and environmental behaviour of bioactive molecules.

Overall, this work aims to contribute experimental data and a comparative framework
that can support early-stage environmental assessment and inform future development
of safer and more sustainable chemical systems within a benign-by-design perspective.
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3 Experimental methods

The biodegradation of all three compound classes was evaluated following the OECD
guidelines for testing the biodegradability of chemicals. For this purpose, a modified
OECD 301D Closed Bottle Test protocol was employed. The materials and procedures
used in this modified 301D test are detailed below.

The NADESs used in our research were provided by collaborators from the lonic
Liquids group at the University of Pisa, Italy. The information about their commercial
components, purity and suppliers is as follows: Choline acetate (ChA, 98%) was obtained
from IOLITEC (Germany). Betaine (Bet, >99%) and L-proline (L-Pro, >99%) were
purchased from Tokyo Chemical Industry (Japan). Ethylene glycol (EG, 99%), levulinic acid
(LA, 98%), imidazole (Im, 99%), and cholinium bitartrate (ChTA, >98%) were supplied by
Thermo Fisher (USA). Glycerol (Gly, 99%), glycolic acid (GA, 99%), malic acid (MA, >99%),
diglycolic acid (DGA, 98%), and L-lactic acid (L-LacA, 298%) were obtained from Sigma-
Aldrich (Merck, Germany). Ultrapure deionized water (Milli-Q system) was used
throughout. Potassium dichromate (K,Cr,07, 299%, 1 g/L, ACS grade) from Sigma-Aldrich
was used as a reference toxicant in the algal growth inhibition assay. The composition
and the molar ratio of the NADESs assessed are listed in Table 4. The chemicals and
reagents used for the synthesis of oxime-functionalized nanodiamonds, and oxazole
derivatives are as reported in our publications.

3.1 Aerobic biodegradation according to modified OECD 301D

Aerobic biodegradation was assessed using a modified closed bottle test (CBT) based on
OECD 301D guidelines®. In this modified setup, biological oxygen consumption was
monitored using an optode oxygen sensor system equipped with PTFE-lined PSt3 oxygen
sensor spots (Fibox 3, PreSens, Regensburg, Germany), allowing continuous biological
oxygen demand (BOD) measurements without opening the flasks. This approach reduces
the number of parallel samples required for each compound, thereby increasing test
throughput, and has been reported to improve reproducibility’®® compared to the
original OECD 301D protocol. Among standard aerobic biodegradation tests, the CBT is
particularly suited for evaluating compounds with diverse physiochemical properties.
Moreover, it is considered one of the most stringent ready biodegradability tests, as it
uses a very low inoculum concentration. Consequently, compounds that pass the CBT are
expected to exhibit good biodegradation not only under artificial wastewater treatment
conditions but also in soil and groundwater environments.

The optode-based setup employed in this study enabled continuous dissolved oxygen
monitoring through the bottle wall without opening the test bottles (Figure 4) or
disturbing the test bottles'?. This adaptation is increasingly used in biodegradation
research for substances that require precise oxygen tracking and stable closed-system
conditions. The optode setup preserves the integrity of the closed bottle environment,
prevents changes in headspace composition, eliminates the risk of oxygen re-
equilibration during manual sampling, and enables high-resolution monitoring of oxygen
consumption throughout the 28-day test period. Importantly, this modification does not
alter the underlying principles or stringency of the closed bottle test: the inoculum
concentration, nutrient medium composition, test substance concentration, and ready-
biodegradability pass criteria (260% ThOD within a 10-day window) remain unchanged.
The use of optode therefore represents an analytical improvement that enhances
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measurement accuracy and repeatability while fully maintaining the conservative nature
of the original OECD 301D method.

Figure 4. Modified oxygen measurement system used in the closed bottle test, employing a PreSens
fiber-optic sensor integrated with OxyView software.

3.2 Closed bottle test experimental setup

Each CBT experiment was conducted with four series of flasks as mentioned in Table 5,
each run in duplicate, to assess biodegradation, reference activity, toxicity, and
background oxygen consumption. The series were as follows:
1. Quality control series:
=  Purpose: To monitor microbial activity and validate the inoculum.
=  Procedure: Readily biodegradable sodium acetate (6.41 mg/L) was
added to mineral medium inoculated with effluent from a wastewater
treatment plant (WWTP).
=  Rationale: Sodium acetate is rapidly degraded by microbes and serves
as a positive control for the activity of the inoculum.
2. Test series:
=  Purpose: To evaluate the biodegradability of the compound of interest.
=  Procedure: The test compound was added as the sole carbon source to
the inoculated mineral medium at a concentration corresponding to a
theoretical oxygen demand (ThOD) of ~5 mg/L.
=  Notes: ThOD calculations assumed nitrification would occur, as all 25
studied compounds contained nitrogen atoms.
3. Measured toxicity series:
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=  Purpose: To assess potential inhibitory or toxic effects of the test
compound on the inoculum.

=  Procedure: Both sodium acetate (as reference) and the test compound
were added to the inoculated medium at their respective
concentrations.

= Interpretation: If biodegradation of sodium acetate in these flasks was
significantly lower than in the reference series, the test compound was
considered potentially inhibitory or toxic to the microbial community.

4. Blank series:

=  Purpose: To account for background oxygen consumption by the
inoculum itself.

=  Procedure: Flasks containing only mineral medium and inoculum,
without any added carbon source, were included in each CBT run.

= Data Treatment: The oxygen consumption measured in blank flasks
was subtracted from all other series to correct for background
microbial activity.

This setup ensured that the CBT provided reliable, reproducible, and

interpretable biodegradation data for all test compounds, while

simultaneously controlling for microbial activity and potential toxicity.

Table 5. Composition and purpose of each series in the CBT.

Series Purpose Contents
Blank series Measures background Mineral medium + inoculum (no added
oxygen consumption of carbon source)

inoculum only

Reference  Verifies microbial activity; Mineral medium + inoculum + sodium

series ensures test validity acetate (readily biodegradable reference
compound)
Test series Evaluates Mineral medium + inoculum + test
biodegradability of the compound (at concentration equal to ~5
test compound mg/L ThOD)
Toxicity Assesses inhibitory/toxic Mineral medium + inoculum + sodium
series effects of test compound acetate + test compound

3.3 Inoculum collection and preparation

In the closed Bottle Test (CBT, OECD 301D), the inoculum serves as the source of
microorganisms responsible for degrading the test compounds. In this study, the
inoculum was obtained from effluent of the Paljassaare municipal wastewater treatment
plant in Tallinn, Estonia (59°27'55.5"N, 24°42'08.8"E). Before use, the effluent was
filtered through a Whatman cellulose filter paper to remove large particulates while
retaining the microbial community. These microorganisms metabolize the test
compounds, consuming oxygen in the process, and this oxygen uptake is measured to
evaluate biodegradability. The validity of the inoculum is verified using reference
substances such as sodium acetate, confirming sufficient microbial activity. Its low
concentration in the CBT makes the test stringent, such that only compounds capable of
ready biodegradation under limited microbial conditions will pass, and it can reveal any
toxic or inhibitory effects of the test compound on the microbial community.
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In accordance with OECD Guideline 301D (CBT), the inoculum used in this study was
derived from secondary effluent of a municipal wastewater treatment plant and
represents a non-adapted microbial population, as no prior exposure, acclimation, or
enrichment with the test substance or structurally related compounds was carried out.
Microbial community analysis, sequencing analysis and bioinformatic processing of the
inoculum was performed using 16S rRNA gene amplicon sequencing by Microbiome
Research Group at TFTAK, Tallinn.

3.4 Physicochemical characterization methods

e Dynamic light scattering (DLS) measurements used for characterization of oxime-
functionalized nanodiamonds were performed in collaboration with Dr. Denys
Bondar, TalTech. The author participated in sample preparation, experimental
measurements, and analysis of the DLS data together with Dr. Denys Bondar and
was responsible for interpretation of the results in the context of biodegradability
assessment.

e  Fourier-transform infrared (FT-IR) spectroscopy measurements were performed by
Dr. Denys Bondar, while the author contributed to interpretation of the FT-IR spectra
in relation to biodegradability assessment.

e High-performance liquid chromatography (HPLC) characterization data for oxazole
derivatives were generated together with Dr. Denys Bondar, the author contributed
to analysis of the chromatographic data and was responsible for interpretation of
the results in relation to biodegradability assessment and environmental relevance.

e  MALDI-TOF mass spectrometry analysis used for preliminary characterization of the
microbial inoculum in Publication I, was performed by Dr. Olga Bragina and Daria
Maljuk (TalTech). The author contributed to the interpretation of the microbial
profiling results in the context of inoculum suitability and environmental relevance.

3.5 Mineral media preparation

Mineral medium is a defined, nutrient-balanced solution that provides microorganisms
with all essential inorganic nutrients needed for growth except for an organic carbon
source. It contains specific amounts of phosphate buffers, magnesium sulphate, calcium
chloride, and ferric chloride, which together supply nitrogen, phosphorus, trace
elements, and maintain pH stability. The mineral medium is required because it creates
a controlled, standardized environment where the test compound is the only source of
organic carbon. This ensures that any oxygen consumption measured during the test can
be attributed solely to the biodegradation of the test substance and not to other organic
impurities.

Before the test, a mineral media stock solution is usually prepared in four different
bottles and named A to D, the composition of each of these bottles is mentioned in Table
6 below.
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Table 6. Mineral media stock solution composition and concentration.

Stock solution Substances Concentration in
g/L

Potassium Dihydrogen Phosphate 8.50

A Di-Potassium Hydrogen Phosphate 21.75
Di-Sodium Hydrogen Phosphate dihydrate 33.40
Ammonium Chloride 0.50

B Calcium Chloride Dihydrate 36.40

C Magnesium Sulfate Heptahydrate 22.50

D Iron (Ill)chloride Hexahydrate 0.25

3.6 Closed bottle test procedure

On the day prior to the start of the test, deionised water (approximately 33 L) was
aerated with compressed air to achieve oxygen saturation of approximately 9 mg/L O,.
At the beginning of the experiment, a 1 L Schott bottle was filled from the canister for
temperature monitoring. The remaining volume in the canister was adjusted to 30 L,
after which each of the mineral media stock solutions were added sequentially (1 mL/L
each) in the order B, C, D, then A (see Table 6), with thorough mixing after each addition.
The inoculum was then added (2 drops/L), and the mixture was homogenised.

The prepared test medium was subsequently distributed into 1 L Schott bottles for
individual test preparations. The required quantities of sodium acetate, mineral medium,
and test substances were calculated and added according to OECD guidelines. Each
preparation was mixed thoroughly prior to transfer.

For each test series, two closed bottle test (CBT) narrow-neck bottles were carefully
filled from the corresponding Schott bottle. A separate bottle without sensor spots was
prepared for temperature measurement. During filling, care was taken to avoid the
introduction of air bubbles, and any trapped air was removed by gentle tapping before
sealing. The bottles were capped without leaving headspace and stored in the dark to
prevent light exposure.

Oxygen measurements were carried out according to the predefined sequence, and
analytical samples were collected from the Schott bottles on day 0 and from the
corresponding CBT bottles on day 28. All test bottles were incubated in the dark at 20 °C
in a temperature-controlled room. Prior to measurement, the bottles were equilibrated
to room temperature for several hours to ensure stable and consistent oxygen readings.

3.7 Evaluation of the results

3.7.1 Evaluation of biodegradation

The biodegradation of the test substance was evaluated according to OECD Guideline
301D (CBT). The degree of biodegradation was calculated based on the biological oxygen
demand (BOD), corrected for oxygen consumption in the blank, and related to the
theoretical oxygen demand (ThOD). The BOD at time t, was calculated according to
Equation (1):

BOD(tx) = AC(OZ)T(tx) - AC(OZ)BC(tx) (1)
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Where BOD(t,) is the biological oxygen demand at time t, [mg/L], 4c(0,)(ty) is the
decrease in dissolved oxygen concentration in the test preparation at time t, [mg/L],
Ac(02)B(t,) is the mean decrease in dissolved oxygen concentration in the blank
controls at time t, [mg/L], and t, represents the selected measurement time point during
the biodegradation experiment.

For nitrogen-containing test substances, biodegradation was calculated relative to the
theoretical oxygen demand assuming ammonia formation, ThOD(NHs), as shown in
Equation (2):

Biodegradation(%) = (BOD(t,))/(ThOD(NH;)) x 100 (2)

Where, Biodegradation(%) represents the percentage of biodegradation of the test
substance, BOD(t,) is the biological oxygen demand at time t, [mg/L], ThROD(NHs) is the
theoretical oxygen demand calculated assuming ammonia formation during
biodegradation, and t, represents the selected measurement time point during the
biodegradation experiment.

To account for oxygen consumption associated with nitrification, biodegradation was
additionally calculated relative to the theoretical oxygen demand assuming nitrate
formation, ThROD(NO37), as shown in Equation (3):

Biodegradation(%) = (BOD(t,))/(ThOD(NO3 )) x 100 (3)

Where Biodegradation(%) represents the percentage of biodegradation of the test
substance, BOD(ty) is the biological oxygen demand at time t, [mg/L] , ThOD(NOs") is the
theoretical oxygen demand calculated assuming complete nitrification to nitrate during
biodegradation, and t, represents the selected measurement time point during the
biodegradation experiment

In the Excel-supported evaluation, oxygen concentration data recorded using the
Fibox3 system were imported into the OECD 301D master worksheet. Start points (SP)
and end points (EP) were defined within the plateau phase of the degradation curve,
each comprising at least ten measured values. Outliers were excluded where necessary,
and consistency between the number of SP and EP values was verified. Calibration data
of the corresponding sensor spots were applied to correct the oxygen measurements.
Degradation curves were visualized using the respective evaluation worksheets.

3.7.2 Calculated toxicity control

In all closed bottle tests, a calculated toxicity control was used to estimate the expected
biodegradation of a mixture containing the test substance and a readily biodegradable
reference compound under the assumption that no microbial inhibition occurs. This
value was derived from the separately measured biodegradation of the test substance
and the reference substance. The blank-corrected oxygen consumption of both
components was combined and normalized to the total theoretical oxygen demand
(ThOD) of the mixture, calculated from their individual concentrations and ThOD values.
The calculated toxicity control therefore represents the biodegradation expected in the
absence of inhibitory effects. Comparison of this calculated value with the
experimentally measured toxicity control enables the assessment of potential inhibition
and helps distinguish between true persistence and toxicity-related suppression of
biodegradation.
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3.7.3 Validity of the CBT results
The test substance is considered readily biodegradable if biodegradation reaches at least
60% of the theoretical oxygen demand (ThOD) within a 10-day window after
biodegradation first exceeds 10%, during the standard 28-day test period. The 10-day
window begins once biodegradation exceeds 10%. Substances fulfilling these criteria in
the CBT are regarded as readily biodegradable under aerobic aqueous conditions.
According to OECD Guideline 301D, the validity of the closed bottle test is confirmed
when the following criteria are fulfilled:

Oxygen depletion in the blank controls should not exceed 1.5 mg/L during the
28-day incubation period.

Dissolved oxygen concentrations in all test bottles should remain above 0.5
mg/L throughout the experiment.

The difference in biodegradation between duplicate bottles should not exceed
20%.

The reference compound sodium acetate should achieve at least 60%
biodegradation within 14 days, confirming adequate microbial activity of the
inoculum.

In the toxicity control containing both the reference compound and the test
substance, biodegradation should reach at least 25% within 14 days. Lower
degradation values may indicate inhibitory or toxic effects of the test substance
on the microbial community.
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4 Results and discussion

4.1 Characterization of the microbial inoculum

To confirm the suitability and environmental relevance of the inoculum, microbial
community analysis was performed by the Microbiome Research Group at TFTAK using
16S rRNA gene amplicon sequencing targeting the V4 region. The candidate contributed
to interpretation of the microbial community composition in the context of inoculum
suitability for biodegradation studies. The results indicated a highly diverse bacterial
community, with 671 bacterial species, 421 genera, and 226 families detected, and a
Shannon diversity index of 4.01, reflecting a well-balanced microbial population without
dominance of specific taxa, as illustrated in Figure 5. Such microbial diversity is
characteristic of wastewater-derived inoculum recommended for OECD ready
biodegradability testing and indicates the presence of a diverse heterotrophic microbial
community. These findings confirm that the inoculum is consistent with OECD 301D
recommendations, for the use of a non-adapted, environmentally relevant microbial
population in closed bottle test studies.
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Figure 5. Taxonomic richness at species (Spec), genus (Gen), and family (Fam) levels, together with
corresponding Shannon diversity indices of the microbial community in the inoculum as determined
by 16S rRNA sequencing, Figure generated from sequencing data analysis performed by the
Microbiome Research Group at TFTAK.

MALDI-TOF mass spectrometry analysis, performed by Dr. Olga Bragina and Daria
Maljuk (TalTech), the author contributed to interpretation of these results in relation to
biodegradation testing. The analysis provided insight into the culturable fraction of the
microbial community present in the inoculum. High-confidence identifications (score >
2.0) revealed a diverse bacterial assemblage dominated by genera such as Escherichia,
Aeromonas, and Citrobacter, which were detected with high frequency across multiple
samples. Moderate representation was observed for genera including Acinetobacter,
Klebsiella, and Pseudomonas, while Raoultella and Enterococcus were identified less
frequently. The detected taxa belong predominantly to families commonly associated
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with wastewater environments, such as Enterobacteriaceae, Aeromonadaceae,
Moraxellaceae, and Pseudomonadaceae, reflecting the environmental origin of the
inoculum. The observed score ranges indicate that most dominant genera were
identified with high confidence, while less abundant taxa were supported by moderate-
confidence identifications. Overall, the MALDI-TOF results demonstrate the presence of
a metabolically diverse and environmentally relevant culturable microbial community,
consistent with the requirements for OECD 301D biodegradation testing. A summary of
the bacterial taxa identified by MALDI-TOF MS is presented in Table 7. The table
highlights the dominant genera detected in the culturable fraction of the inoculum, along
with representative isolates, corresponding sample IDs, and score ranges reflecting
identification confidence.

The NGS analysis discussed below refers to the same 16S rRNA gene amplicon
sequencing dataset described previously. The results obtained from MALDI-TOF MS were
further compared with the microbial composition revealed by next-generation
sequencing (NGS). While MALDI-TOF analysis identified culturable bacterial taxa
represented by 47 species, belonging to 10 families, sequencing revealed a significantly
greater microbial diversity, identifying 372 species distributed among 368 genera and
202 families in the inoculum. This corresponds to approximately 7.9 times more species
and sequencing revealed substantially broader microbial diversity than MALDI-TOF
analysis. The difference can largely be attributed to the methodological scope of MALDI-
TOF, which primarily identifies culturable microorganisms and relies on the availability
of reference spectra in existing databases. Therefore, MALDI-TOF can be considered a
useful rapid screening tool for preliminary microbial identification, while sequencing
provides a more comprehensive analysis of microbial diversity. Differences in reported
diversity metrics reflect differences in taxonomic filtering and comparative analysis
approaches between sequencing-based community profiling and MALDI-TOF
identification of culturable microorganisms'?1:122,

Table 7. Summary of microbial taxa identified by MALDI-TOF MS, including representative species,
corresponding sample IDs, score ranges, and relative detection frequency within the inoculum.

Genus Representative Example Score Range  Frequency
Species Sample ID
Escherichia E. coli C7,E3,H12 2.16-2.42 High
Aeromonas A. veronii, B9, F10 2.00-2.17 High
A. hydrophila
Citrobacter C. freundii, B2, A7 2.13-2.19 High
C. gillenii
Acinetobacter  A. johnsonii Al12, C5 1.77-2.09 Moderate
Klebsiella K. pneumoniae A2, F3 1.71-2.15 Moderate
Pseudomonas  P. koreensis, A9, D8 1.93-2.02 Moderate
P. veronii
Raoultella R. planticola, D1, E4 1.93-2.36 Low—Moderate
R. terrigena
Enterococcus E. hirae, D6, H5 1.74 -1.80 Low

E. aquimarinus
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4.2 Biodegradation results and discussion of NADESs

4.2.1 Biodegradation results

All the 15 NADESs compounds and some of their individual components were assessed
for their ready biodegradability, using the modified OECD 301D Closed Bottle Test, and
the results obtained are deemed to be valid as per the OECD guidelines.

All the tested NADESs, as well as their individual components, were classified as
“readily biodegradable”, their tested biodegradation values exceeded 60% after 28 days
in the closed bottle test (Table 8). The only exception was imidazole (Im), which, when
tested as an individual hydrogen bond donor (HBD), showed a markedly lower
biodegradation value of 23%. Notably, however, the incorporation of Imidazole into a
NADES with choline acetate (ChA) (NADES 11) did not negatively impact the overall
biodegradability of the system, which reached 67%. This finding suggests that the
eutectic combination may modulate the biodegradation profile of individual
components, potentially through altered physicochemical interactions or enhanced
microbial accessibility. The biodegradation profiles of the studied NADESs (Figure 6)
further support this observation, as all NADESs displayed biodegradation trends
consistent with ready biodegradability. Overall, these results indicate that, despite the
limited biodegradation of certain individual constituents, their combination into NADESs
might yield environmentally benign solvent systems, reinforcing the potential of NADESs
as sustainable alternatives to conventional solvents.

Table 8. NADESs and their single components, with the relative structural formula, molar mass,
concentration for biodegradation assessment, and biodegradation achieved by CBT 301D (28 days).

Molar Test
NADESs HBA: HBD Structural Biodegradation
Mass Substance
No. (molar ratio) Formula (28 days)
(g/mol) (mg/L)

1 Bet: EG (1:4) Ci13H3sNOqo 365.42 3.57 76%
Bet: CA: water
2 Ci6H42N2017 371.86 5.06 70%
(2:1:6)
3 Bet: Gly (1:2) C11H27NOg 301.34 3.62 67%
4 Bet: LA (1:2) CisH,7NOg 229.66 4,78 68%
Bet: L-LacA
5 CgH17NOs 263.75 3.60 70%
(2:1)
L-Pro: Gly
6 C13H31NOyg 387.89 3.76 74%
(1:2.5)
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Molar Test
NADESs HBA: HBD Structural Biodegradation
Mass Substance
No. (molar ratio) Formula (28 days)
(g/mol) (mg/L)
L-Pro + L-LacA
7 CsHlsNo5 205.21 3.77 65%
(2:1)
8 L-Pro: LA (1:2) CH,NO, 34736 3.29 69%
9 ChTA:CA(1:1) C,H,N.O 44537 4.97 60%
L-Pro: MA
10 CoH1sNO7 249.21 4.58 61%
(2:1)
11 ChA: Im (1:1) C10H21N303 231.30 3.14 67%
12 ChA: LA (121) C12H25N05 279.33 3.01 81%
13 ChA: GA (1:1) CoH,1NOg 239.27 3.56 80%
ChA: DGA
14 CuH2aNOs 29730 3.87 77%
(2:1)
15 ChA: CA (1:1) C13H25NO1g 373.36 4.32 66%
Single NADES components
Betaine CsH11NO> 117.148 3.05 76%
Ethylene glycol C,He0; 62.068 3.88 65%
Citric Acid CeHsO5 192.123 6.67 76%
Glycerol C3Hs0O3 92.094 411 75%
Levulinic Acid C,H0, 116.116 3.30 72%
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Single NADES components

L-Lactic Acid CsHeOs 90.078 4.69 65%
L-Proline CsHoNO> 115.132 3.27 72%

D, L-Malic Acid CsHeOs 134.087 6.98 73%
Choline Acetate CsH17NO3 163.21 2.83 75%
Imidazole CsHaN; 68.077 4.25 23%
Glycolic Acid C2H40s 76.05 7.92 79%
Diglycolic Acid C4H6Os 134.09 6.98 76%
Choline Bitartrate CoH19NO7 253.251 4.17 66%
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Figure 6. Biodegradability profiles obtained from the closed bottle test (OECD 301D, 28 days) for
the investigated NADESs: (a) Bet:EG; (b) Bet:CA; (c) Bet:Gly; (d) Bet:LA; (e) Bet:L-LacA; (f) L-Pro:Gly;
(g) L-Pro:L-LacA; (h) L-Pro:LA; (i) ChTA:CA; (j) L-Pro:MA; (k) CA:Im; () ChA:LA; (m) ChA:GA; (n)
ChA:DGA; (o) ChA:CA. Sodium acetate (6.41 mg/L) was used as a reference compound (quality
control) to confirm microbial activity and test validity. Toxicity control experiments, containing both
sodium acetate and the test compound, were performed to evaluate potential inhibitory effects on
microbial activity. Theoretical biodegradation curves were calculated to assess deviations
indicating possible toxicity of the tested substances. Source: Reproduced from Publication | under
CC-BY 4.0 licence
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4.2.2 Ecotoxicity analysis of NADESs

The ecotoxicological effects of the investigated NADESs were evaluated using the
Raphidocelis subcapitata growth inhibition bioassay by our collaborators in University of
Pisa, and the results are presented in Figure 7 as reported in Publication I. The results are
summarised here to provide an integrated environmental profile of the investigated
NADESs alongside the biodegradability data obtained in the present work. Overall, the
majority of the tested NADESs induced a concentration-dependent algal growth
stimulation rather than inhibition when compared to the control. Specifically, thirteen
out of fifteen NADESs showed increased algal growth with increasing concentration,
indicating a predominantly biostimulatory response. In contrast, NADES 4 (Bet:LA) and
NADES 11 (ChA:Im) did not cause statistically significant differences in algal growth
relative to the control across the tested concentration range. Differences between
NADESs and their individual components were evident, highlighting the role of eutectic
formulation in modulating biological responses. Among the individual components,
choline acetate exhibited the strongest stimulatory effect on algal growth, consistent
across NADESs 11-15, where it acts as the hydrogen bond acceptor. L-proline showed a
concentration-dependent dual effect, with slight stimulation at higher concentrations in
NADES 7 and 10, followed by growth inhibition at intermediate dilutions, whereas
stronger inhibitory effects were observed when equivalent L-proline concentrations
were present in NADES 6 and 8. Similar trends were observed for malic acid and L-lactic
acid, although growth inhibition was limited to higher concentrations. Betaine and
choline tartrate generally promoted algal biomass increase at the highest concentrations
tested, while other components showed growth patterns comparable to the control.
These results demonstrate that most NADESs formulations exhibit low acute ecotoxicity
toward R. subcapitata, with biological responses strongly influenced by both component
identity and concentration.
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Figure 7. Concentration—response curves of R. subcapitata exposed to NADESs and their individual
components at equivalent relative concentrations. The red dashed line indicates the mean algal
density in control samples: (a) Bet:EG; (b) Bet:CA; (c) Bet:Gly; (d) Bet:LA; (e) Bet:L-LacA; (f) L-Pro:Gly;
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deviation (n = 3). Source: Reproduced from Publication | under CC-BY 4.0 licence

44



4.2.3 Discussion and interplay between biodegradability and ecotoxicity of
NADESs

The OECD 301D (CBT) biodegradation testing showed that most of the assessed NADESs
were readily biodegradable, with degradation values after 28 days ranging between 60%
and 81%. Regardless of the abundance of hydroxyl functionalities and the occurrence of
oxygen-containing functional groups, including carboxylic acid-related moieties, esters,
and amide structures, the biodegradability profiles were considered as “readily
biodegradable”. While their individual components showed a broader range of
biodegradability (23-79%). Imidazole was the only component exhibiting low
biodegradability (23%), which may suggest that the microbial inoculum used in the closed
bottle test may have lacked effective metabolic pathways for its degradation. Although
interestingly, when imidazole was combined with choline acetate in NADESs 11, the
biodegradability increased to 67%, which indicates that the interactions between
components in NADESs formulations can significantly alter the environmental behaviour
of their individual compounds. Overall, the observed biodegradation profiles suggest
that molecular composition and hydrogen-bond donor structure may influence
biodegradation kinetics and environmental persistence under standardized aerobic
conditions. These results indicate that, NADESs doesn’t pose an environmental threat as
they degrade quickly and not carry the risk of persisting in the aquatic environment
compared to conventional solvents, but readily biodegradable materials potentially
increase the load of dissolved ions/molecules with nutritional value such as choline which
might increase the chances of eutrophication phenomena. Eutrophication is a natural
phenomenon that occurs when the water bodies receive an excessive input of nutrients,
primarily nitrogen and phosphorus containing compounds resulting in an accelerated
algal growth and increased primary productivity. This might initially appear as growth
stimulation, but it could ultimately lead to oxygen depletion, alter species composition,
and degrade overall aquatic ecosystem health. The NADESs compounds might have
shown ready biodegradability trends but several of them L-proline, betaine, and choline
acetate, contain nitrogen in their formulation, might act as a fertilizer which could cause
a potential eutrophication effect.

The ecotoxicity results performed by our collaborators from University of Pisa
(Publication 1), showed us that the algal growth assays on NADESs often induce biological
effects that differ from those of their single components. The strongest algal growth
stimulation was observed for NADES 2 (Bet:CA), NADES 3 (Bet:Gly), and NADES 5 (Bet:L-
LacA), all containing betaine. While betaine alone showed no significant effect on algal
growth, its combination with different hydrogen bond donors led to a marked
stimulation, suggesting synergistic interactions between components. A similar
behaviour was observed for NADESs containing L-proline, which slightly inhibited algal
growth when tested alone at high concentrations but promoted growth when combined
with other compounds in eutectic systems. For NADESs containing choline acetate
(NADESs 11-15), algal growth trends closely followed those observed for choline acetate
alone, indicating that this compound plays a dominant role in shaping the biological
response. However, algal biomass values were consistently higher in the complete
NADESs formulations than in solutions of choline acetate alone, suggesting synergistic
effects between NADESs components, as previously reported for choline chloride-based
DESs 123124 The only exception was NADES 11 (ChA:Im), where the growth-promoting
effect of choline acetate appeared to be partially counterbalanced by the inhibitory
behaviour of imidazole, leading to an additive rather than synergistic response.
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During the evaluation of NADESs, an initial indication of potential eutrophication risk
emerged from considering the mineralization of nitrogen-containing components and
their biological effects!?>. Compounds such as L-proline, betaine, and choline acetate
contain nitrogen within their structure, which upon biodegradation might be released as
bioavailable nutrients into aquatic environments. At the same time, the possibility of
synergistic interactions between these components in promoting microalgal growth led
to the hypothesis that such systems could enhance nutrient-driven biological activity.
Consequently, NADESs may behave similarly to fertilizers'?®, enhancing algal growth and
potentially contributing to eutrophication and subsequent oxygen depletion. This
observation highlights an indirect environmental risk that is not captured by standard
biodegradability and ecotoxicity assessments, emphasizing the need for a more
comprehensive evaluation of the environmental sustainability of NADESs.

4.3 Biodegradation results and discussion of oxime functionalized
nanodiamonds

4.3.1 Results

Physicochemical characterization of the oxime-functionalized nanodiamonds was
performed to evaluate particle size distribution and surface functionalization in relation
to biodegradability assessment. Dynamic light scattering (DLS) measurements (ZetaSizer
Nano S, Malvern Instruments) were performed with Dr. Denys Bondar, TalTech to
evaluate the hydrodynamic size distribution of ND dispersions before and after surface
functionalization. The unmodified ND-COOH sample exhibited two populations in
aqueous medium, consisting of a smaller fraction in the nanoscale range (~30 nm) and a
larger aggregate population above 200 nm (Figure 8). In phosphate-buffered saline (PBS),
ND-COOH showed a single population with an average hydrodynamic diameter of
approximately 250 nm, indicating increased aggregation in the presence of electrolytes.
After functionalization, the ND conjugates displayed a shift toward larger hydrodynamic
diameters, reflecting the influence of the grafted organic moieties and changes in
colloidal behaviour. ND-A1, which is structurally related to the functional fragment used
in biodegradation studies (4-pyridinium oxime linked to PEG-diamine), showed a
significantly increased aggregate size in PBS (~531 nm), while other functionalized
samples exhibited broader or multimodal distributions. This increase in apparent particle
size could be attributed to the formation of an organic corona and enhanced
intermolecular interactions, as well as electrolyte-induced aggregation effects.
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Figure 8. Hydrodynamic size distribution of nanodiamond starting material (ND-COOH) in water
and functionalized nanodiamond (ND-A1) measured by dynamic light scattering (DLS).
Functionalization leads to an increase in aggregate size, indicating the formation of an organic
corona and altered colloidal behaviour.

The biodegradability of oxime-functionalized nanodiamonds was evaluated using the
modified closed bottle test (OECD 301D) . The results indicated that the functional
fragment containing a 4-pyridinium oxime linked to PEG-diamine(ND-4a) showed limited
biodegradation under aerobic conditions, as shown in Figure 10. After 28 days, the
biodegradation reached only 13%, which does not meet the criteria for readily
biodegradable compounds. When the test duration was extended to 33 days, only a
slight and slow increase was observed, with biodegradation reaching approximately 17%.
This gradual increase suggests that the material undergoes partial biotransformation but
remains largely persistent. Since PEG is generally considered biodegradable, the low
overall biodegradation is likely due to the oxime-substituted pyridinium moiety, which
may hinder microbial metabolism. Although full mineralization was not achieved during
the test, within the test period, the partial degradation observed indicates that the
organic corona of the nanodiamonds perhaps be classified as non-readily biodegradable
and close to inherently biodegradable. Considering the reported low toxicity and high
persistence of nanodiamonds, these materials may still be suitable for specialized
applications where controlled environmental stability is required. This result suggests us
that the surface functionalization, rather than the nanomaterial core itself, governs
environmental biodegradability and that high-performance functional groups have the
potential to significantly reduce microbial accessibility even when biodegradable
components (PEG) are present.
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Figure 9. Biodegradability profiles of 4-pyridinium oxime-linked PEG-diamine ND-4a for 28 and 33
days.

4.3.2 Discussion

The modified OECD 301D Closed Bottle Test revealed that oxime-functionalized
nanodiamonds exhibited low biodegradation under aerobic conditions, reaching only
13% mineralization after 28 days and approximately 17% after extension to 33 days.
These values clearly fall below the threshold for ready biodegradability, indicating that
the material is not readily biodegradable. The decision to extend the test duration
beyond the standard 28 days was motivated by the slow but measurable increase in
oxygen consumption, suggesting partial biotransformation rather than complete
recalcitrance. Such behaviour is consistent with materials that undergo limited microbial
modification without progressing toward full mineralization. Although PEG is generally
regarded as biodegradable, the overall low biodegradation observed here is most
plausibly credited to the oxime-substituted pyridinium moiety, which introduces
aromaticity, permanent charge, and steric shielding that can hinder enzymatic access and
microbial uptake. Similar findings have been reported for functionalized NDs and carbon-
based nanomaterials bearing aromatic or cationic surface groups, where surface
chemistry rather than the carbon core governs environmental persistence!?’ . Overall,
the observed biodegradability primarily reflects degradation of the surface-

48



functionalized organic moieties attached to the nanodiamonds, while the nanodiamond
core itself is expected to remain environmentally persistent due to its highly stable
carbon lattice structure. In pharmaceutical and biomedical contexts, this limited
biodegradability does not necessarily represent a disadvantage; on the contrary,
controlled environmental and biological stability is often desirable for drug delivery
systems, imaging agents, or antidote platforms. The results therefore highlight an
important trade-off between functional performance and environmental degradability,
demonstrating that high-performance surface functionalization could substantially
reduce microbial accessibility even in the presence of biodegradable components.
Overall, these findings support the conclusion that the organic corona of functionalized
NDs dictates their biodegradability and that oxime-based functional fragments
contribute to persistence while enabling application-specific stability.

Fourier-transform infrared (FT-IR) spectroscopy (Bruker Tensor 27 spectrometer),
performed by Dr. Denys Bondar, was used to confirm the successful covalent
functionalization of ND surfaces. The candidate contributed to interpretation of the FT-
IR spectra in relation to the biodegradability assessment. The spectrum of the pristine
ND-COOH material indicates characteristic features of surface carboxyl groups, including
a broad O-H stretching band centred around 3420 cm™, a distinct C=0 stretching
vibration at approximately 1775 cm™, and an O-H bending band near 1628 cm™.
Additional bands in the fingerprint region (1000-1200 cm™) might be due to C-O
stretching vibrations of carboxylic and related oxygen-containing functionalities.
Following functionalization (ND-A1), notable spectral changes are observed (Figure 9).
The broad O-H band decreases in intensity, indicating the consumption of surface
carboxyl groups during the coupling reaction. A new band appears around 3125 cm™,
corresponding to N—-H stretching of newly formed amide groups, while the C=0
stretching band shifts to lower wavenumbers (¥1677 cm™), consistent with amide bond
formation. Furthermore, additional bands observed at ~2936 cm™ (C—H stretching),
~1461 cm™ and ~1333 cm™ (C-N and aromatic vibrations), and in the region of 1200-
1000 cm™ support the presence of the grafted organic moiety, including pyridinium and
PEG-related functionalities. These spectral differences between ND-COOH and ND-A1l
confirm the successful formation of covalent amide linkages and the introduction of the
organic functional fragment onto the ND surface. It should be noted that, while FT-IR
analysis verifies the surface functionalization of nanodiamonds, the biodegradation
assessment in this study was conducted on the corresponding functional fragment (4-
pyridinium oxime linked to PEG-diamine), representing the organic corona that governs
the biodegradation profile.
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Figure 10. FT-IR spectra of unmodified nanodiamond (ND-COOH) (a) and functionalized
nanodiamond (ND-A1) (b).

4.4 Biodegradation results and discussion of oxazole derivatives
4.4.1 Characterisation and biodegradability studies

High-performance liquid chromatography (HPLC) analysis was performed to confirm the
purity and identity of the synthesized oxazole derivatives (7a, 7b, and 8aa) prior to
biodegradation testing. The chromatograms of all compounds exhibited a single, well-
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defined dominant peak with retention times of approximately 4.94 min (7a), 4.90 min
(7b), and 5.03 min (8aa), respectively (Figure 11). The absence of significant secondary
peaks indicates high purity and negligible presence of impurities or residual starting
materials. This confirms that the substances subjected to biodegradation experiments
were chemically well-defined. Consequently, any observed changes during
biodegradation testing are possibly due to the transformation of the parent oxazole
compounds rather than interference from impurities or background components,
thereby ensuring the reliability of the biodegradation assessment.
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Figure 11. HPLC chromatograms of oxazole derivatives 7a(a), 7b(b), and 8aa(c) showing single
dominant peaks at retention times of ~4.94, 4.90, and 5.03 min, respectively, confirming high purity
of the compounds.

The biodegradability of selected piperazine-containing 1,3-oxazole-4-carbonitrile
derivatives (7a, 7b, and 8aa) was evaluated using the OECD 301D Closed Bottle Test
under aerobic aqueous conditions. The test was conducted over a 28-day incubation
period, using a non-adapted microbial inoculum. All tested oxazole derivatives exhibited
low levels of biodegradation, with mineralization values ranging from approximately 5-
10% at day 28 (Figure 12). None of the compounds fulfilled the criteria for ready
biodegradability according to OECD guidelines.Toxicity control experiments confirmed
that the test compounds did not inhibit microbial activity, indicating that the observed
low biodegradation was not due to toxic effects on the inoculum. Among the tested
compounds, the derivative 8aa, which exhibited the lowest predicted aqueous solubility,
showed similarly low biodegradation compared to 7a and 7b. Overall, the results indicate
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limited mineralization of the investigated oxazole derivatives under OECD 301D
screening conditions.
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Figure 12. Biodegradability profiles of oxazole derivatives 7a, 7b and 8aa.

4.4.2 Discussion on oxazole biodegradability results

The low levels of mineralization observed for the piperazine-containing 1,3-oxazole-4-
carbonitrile derivatives (7a, 7b, and 8aa) in the OECD 301D Closed Bottle Test, indicate
that these compounds are not readily biodegradable under aerobic aqueous screening
conditions. Biodegradation values of approximately 5-10% after 28 days suggest a high
degree of persistence, which is consistent with the presence of heteroaromatic oxazole
rings and the carbonitrile functionality, both of which are commonly associated with
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reduced biodegradability in OECD screening tests. The limited biodegradation observed
for the oxazole derivatives is consistent with literature reports that heterocyclic aromatic
compounds, including nitrogen and oxygen-containing heterocycles, frequently exhibit
resistance to microbial degradation and increased environmental persistence under
aerobic aqueous conditions, likely due to the stability conferred by the aromatic
heterocycle!?®. The piperazine moiety, while potentially increasing polarity, did not
translate into enhanced biodegradability, likely due to steric protection and limited
accessibility of enzymatically labile bonds. The absence of microbial inhibition in the
toxicity control indicates that the low biodegradation is due to the inherent resistance of
the compound rather than toxic effects on the microorganisms. Notably, compound 8aa,
which showed the lowest predicted aqueous solubility, did not exhibit significantly lower
biodegradation compared to 7a and 7b, indicating that solubility was not the primary
limiting factor under the test conditions. A slight plateau observed in the quality control
curve between day 5 and 10 is likely due to minor measurement variability or transient
microbial adaptation and does not affect the overall interpretation of the results. Overall,
the results suggest that the investigated oxazole derivatives are environmentally
persistent under standard OECD 301D screening conditions and would not be classified
as readily biodegradable, highlighting the need for further studies under extended or
environmentally relevant conditions to better assess their long-term fate.

To mitigate this risk of persistence, the solution will be to consider pharmacological
optimization and ‘benign by design’ principles through which the ready biodegradability
of the compound will be assessed before their synthesis, and both the efficacy of the
drug and its environmental fate is optimized 1%°. Also, the structural modification of the
compounds might have a significance in increasing its biodegradability. For
heteroaromatic compounds the modification could be done by reducing the structural
complexity and aromaticity of the compound, introducing metabolically and
environmentally cleavable bonds and by tuning properties like solubility and
bioavailability 13°,

4.5 Cross-system comparison of biodegradability

A central objective of this study was to explore whether biodegradation behaviour can
be compared across structurally different classes of emerging chemicals using a unified
screening approach. The OECD 301D framework enabled direct comparison of
mineralisation behaviour under identical experimental conditions.

The results support a general trend in which molecular complexity and material
architecture influence biodegradation behaviour. The NADESs, composed of low-
molecular-weight and biologically familiar building blocks, exhibited rapid and extensive
biodegradation, reflecting efficient microbial utilisation under the test conditions. In
contrast, the oxazole derivatives, characterised by heteroaromatic stability and electron-
deficient ring systems, showed very limited biodegradation, indicating intrinsic
resistance to microbial transformation. Intermediate behaviour was observed for the
hybrid nanodiamond-based systems, where biodegradation appears to be influenced by
the persistence of the nanomaterial core and the nature of the organic surface
functionalization. The limited mineralisation of the oxime-functionalized nanodiamond
conjugates illustrates how surface modification can restrict microbial accessibility even
when the organic corona contains partially biodegradable elements.

Importantly, biodegradability should not be interpreted as a direct indicator of
environmental safety. In the case of NADESs, rapid biodegradation may contribute to
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increased dissolved organic carbon turnover and nutrient release, which, when
considered together with ecotoxicity findings reported in collaborative studies, may be
relevant to eutrophication-related effects. Conversely, more persistent systems such as
oxazole derivatives and nanodiamond conjugates may remain in environmental
compartments for longer periods, potentially leading to prolonged exposure under
certain conditions.

Together, these observations indicate that environmental behaviour should be
evaluated from an integrated perspective, in which biodegradability, molecular
structure, material architecture, and secondary ecological effects are considered
together. The comparative approach adopted in this work provides a useful framework
for exploring potential structure—persistence relationships across chemically diverse
systems, see Table 9.

Table 9. Complexity vs Biodegradability vs Environmental Risk for the classes of compounds
(materials) studied in this work

System Class Structural Biodegradability Environmental
Complexity (OECD 301D) Considerations
NADESs Low—moderate High (readily Potential
(bio-based) biodegradable) eutrophication-
related effects
associated with
nutrient release

Hybrid High (hybrid) Low Limited

nanomaterials biodegradation:

(ND conjugates) environmental
behaviour influenced
by nanomaterial
persistence and
surface
functionalization

Heterocyclic Moderate—high Very low Limited

compounds, (heteroaromatic biodegradation and

pharmaceutical pharmaceutical potential persistence

candidates scaffold) in aquatic

(oxazole environments

derivatives)

The future work may therefore integrate higher-tier simulation studies, degradation
pathway analysis, and design-oriented approaches to support the development of
materials with optimized functional performance and environmental compatibility.
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5 Conclusion

This study presented a comparative assessment of the aerobic biodegradability of three
classes of emerging substances (materials): natural deep eutectic solvents (NADESs),
oxime functionalized nanodiamonds (NDs), and oxazole-based pharmaceutical
candidates using the OECD 301D Closed Bottle Test as a unified screening platform.

e The results demonstrate that biodegradability under standardized aerobic
conditions is strongly influenced by molecular structure and material complexity.
Bio-based systems such as NADESs exhibited rapid biodegradation and fulfilled the
criteria for ready biodegradability, whereas structurally complex heteroaromatic
molecules and hybrid nanomaterials showed limited degradability, and can be
considered environmentally persistent under screening conditions.

e Despite their favourable biodegradation profiles, when considered together with
ecotoxicity data obtained in collaborative studies, NADESs may present indirect
environmental risks associated with nutrient release and eutrophication-related
effects. This finding highlights that biodegradability alone is not sufficient for
comprehensive environmental safety assessment and must be considered
alongside ecotoxicological and ecosystem-level responses.

e The oxime-functionalized nanodiamond conjugates demonstrated limited
biodegradation under OECD 301D conditions, suggesting that both persistence of
the nanomaterial core and stability of the surface functionalization contribute
significantly to the environmental behaviour of such hybrid nanomaterials.

e The oxazole derivatives displayed low biodegradability, consistent with the known
persistence of heterocyclic pharmaceutical compounds. These results underline the
importance of incorporating biodegradation screening during early stages of
chemical and drug development to identify persistence risks before environmental
release.

e A key contribution of this work is showing that standardized biodegradation tests
can be used not only as regulatory screening tools but also as comparative
platforms for exploring potential structure—persistence relationships in chemically
diverse systems. This interdisciplinary approach enables a more generalizable
understanding of environmental fate.

Overall, the findings contribute to the advancement of proactive environmental risk

assessment strategies and support the broader goal of evaluating the environmental
compatibility of sustainable chemical systems at early stages of their lifecycle.
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Abstract

Biodegradability assessment of emerging green solvents, bioactive heterocycles, and
hybrid nanomaterials

The increasing use of structurally diverse chemicals, including bio-based solvents,
pharmaceutical scaffolds, and nano-enabled materials, raises some serious questions
regarding their environmental fate and persistence in aquatic systems. Biodegradation
plays a central role in determining whether such substances are rapidly removed from
ecosystems or persist in it for prolonged exposure. This thesis evaluates the aerobic
biodegradation profiles of three chemically distinct classes: natural deep eutectic
solvents (NADESs), oxime-functionalized nanodiamonds, and piperazine-containing
oxazole derivatives using the OECD 301D modified Closed Bottle Test, supported by high-
resolution oxygen consumption measurements.

All investigated NADESs fulfilled the criteria for ready biodegradability, demonstrating
rapid and extensive mineralization under aerobic conditions. Ecotoxicity assessment
further indicated low acute toxicity toward aquatic organisms. However, their high
organic carbon and nitrogen content suggests a potential risk of increased biological
oxygen demand and nutrient enrichment, indicating that ready biodegradability alone
does not fully ensure environmental safety.

In contrast, oxime-functionalized nanodiamonds exhibited negligible biodegradation,
with the surface-bound organic functional fragment showing only limited degradation,
indicating that the organic corona rather than the nanodiamond core governs the
environmental fate profile of these hybrid materials. The surface-bound organic
functionalization showed only limited and slow degradation, indicating at most inherent
biodegradability. In general, the environmental fate of such hybrid materials is affected
by the long-term stability of the nanomaterial core. Similarly, the investigated oxazole
derivatives showed low biodegradation, with mineralization levels well below the OECD
threshold for ready biodegradability. Toxicity control experiments confirmed that this
limited degradation was not due to microbial inhibition but rather to the intrinsic stability
and heteroaromatic character of the oxazole scaffold. Despite their promising biological
activity, these compounds may persist in aquatic environments, highlighting the
importance of incorporating biodegradation screening at early stages of pharmaceutical
development.

Overall, the results support the expected relationship between molecular structure,
biodegradability, and environmental persistence, with naturally derived systems
showing high degradability, while structurally complex synthetic molecules and
nanomaterials exhibit increased persistence. The results emphasize that comprehensive
environmental risk assessment must integrate biodegradability, ecotoxicity, and
secondary effects such as eutrophication, and support the development of safer, benign-
by-design chemical systems.
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Lihikokkuvote

Tekkivate roheliste lahustite, bioaktiivsete heterotsiiklite ja hiibriildnanomaterjalide
biolagunevuse hindamine

Struktuurselt mitmekesiste kemikaalide, sealhulgas biopdhiste lahustite, ravimilaadsete
Gihendite ja nanoosakestel pOhinevate materjalide jarjest ulatuslikum kasutamine
tGstatab olulisi kiisimusi nende keskkonnakaitumise ja pusivuse kohta veekeskkonnas.
Biolagunemine mangib keskset rolli madramaks, kas sellised ained eemaldatakse
Okoslisteemidest kiiresti vOi pisivad neis pikemaajaliselt. Kdesolevas t66s uuritakse
kolme keemiliselt erineva aineriilhma aeroobset biolagunemist: looduslikke
sigaveutektilisi  lahusteid  (NADES-id), oksiimriihmadega funktsionaliseeritud
nanoteemante ning piperasiini sisaldavaid oksasooli derivaate. Biolagunemist hinnati
OECD 301D modifitseeritud suletud pudeli testi abil ning korge lahutusvéimega
hapnikutarbimise mG&G6tmistega, tulemusi tdiendati tdpsete hapnikutarbimise
modtmistega.

Koik uuritud NADES-id vastasid kergesti biolagunevate ainete kriteeriumidele,
lagunedes kiiresti ja ulatuslikult aeroobsetes tingimustes. Lisaks nditasid 6kotoksilisuse
katsed, et nende ainete akuutne toksilisus veeorganismidele on madal. Samas viitab
nende kdrge orgaanilise sisiniku ja lammastiku sisaldus véimalikule riskile suurendada
bioloogilist hapnikutarvet ning pdhjustada toitainete rikastumist veekeskkonnas. Seega
ei taga ka hea biolagunevus iiksinda taielikku keskkonnaohutust.

Seevastu oksiimriihmadega funktsionaliseeritud nanoteemandid biolagunesid véga
vdhesel maaral. Pinnale seotud orgaaniline funktsionaalne fragment néitas vaid piiratud
lagunemist, mis viitab sellele, et orgaaniline pind — mitte nanoteemandi tuum — maarab
nende hibriidmaterjalide keskkonnas pusivuse profiili. Pinnale seotud orgaanilised
ruhmad lagunesid aeglaselt ja vaid piiratud ulatuses, mis viitab loomuparasele
biolagunevusele. Uldiselt mairab selliste hibriidmaterjalide keskkonnakaitumise
nanomaterjali tuuma pikaajaline stabiilsus.

Madalat biolagunemist naitasid ka uuritud oksasooli derivaadid. Nende
mineralisatsioon jai oluliselt alla OECD kergesti biolagunevuse piirvdartuse. Toksilisuse
kontrollkatsed kinnitasid, et vahene lagunemine ei olnud p&hjustatud mikroorganismide
aktiivsuse parssimisest, vaid tulenes eelkdige oksasoolistruktuuri suurest keemilisest
stabiilsusest ja heteroaromaatsest iseloomust. Kuigi neil tUhenditel on paljulubav
bioloogiline aktiivsus, voivad need veekeskkonnas pisida. Seetdttu on oluline hinnata
biolagunemist juba ravimiarenduse varajases etapis.

KokkuvGttes toetab kdesolev uuring oodatavat seost molekulaarse struktuuri,
biolagunemisvéime ja keskkonnas plsimise vahel. Looduslikku péritolu sisteemid
lagunevad hasti, samal ajal kui keerukama struktuuriga silinteetilised molekulid ja
nanomaterjalid on pisivamad. Tulemused rohutavad, et terviklik keskkonnariski
hindamine peab hdlmama biolagunemist, okotoksilisust ning vdimalikke teiseseid
mojusid, nditeks eutrofeerumist. Samuti toetavad saadud tulemused ohutumate ja
keskkonnasdbralikumate keemiliste siisteemide arendamist.
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Abstract

Deep Eutectic Solvents (DESs), particularly Naturally Available Deep Eutectic Solvents
(NADESs), are increasingly regarded as green solvents due to their low vapor pressure,
non-flammability, thermal stability, strong solvent power, and low toxicity. In line with
Green Chemistry principles, the use of renewable and biocompatible components such as
amino acids, lipids, and naturally derived acids enables the development of more sustain-
able solvent systems. This study addresses the need for environmentally safer NADESs by
evaluating their physico-chemical suitability and environmental impact. Fifteen NADESs
were prepared using naturally derived components and assessed for environmental safety.
Biodegradability was evaluated using the OECD 301D Closed Bottle Test (CBT), while
toxicity toward Raphidocelis subcapitata was examined to characterize ecotoxicological behav-
ior. The results demonstrated that the synthesized NADESs exhibit high biodegradability
levels and low toxicity toward microalgae. Toxicity control indicated no significant inhi-
bition of microbial activity during biodegradation, suggesting favorable environmental
compatibility. Overall, the findings indicate that the NADESs represent more sustain-
able solvent alternatives with low toxicological profiles. However, the potential role of
these compounds in enhancing eutrophication processes cannot be excluded and warrants
further investigation.

Keywords: naturally available deep eutectic solvents; biodegradation; ecotoxicity; Raphidocelis
subcapitata; closed bottle test; hydrogen bond donor; hydrogen bond acceptor

1. Introduction

In the advent of the sustainability and green chemistry era, there is an ongoing quest
to discover safer and more environmentally friendly solvents to replace traditional ones
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derived from fossil-derived chemicals [1]. These conventional solvents pose significant
environmental threats during production, use, and disposal [2]. The end-of-life cycle for
these solvents is a problem because they are not biodegradable. This means that they
must be burned, which creates CO; emissions, as they are often non-biodegradable. In
addition, the impact of these solvents on human health has recently become a cause for
concern in various industrial sectors. For example, N,N-dimethyl formamide (DMF) has
recently been highlighted for its reproductive toxicity [3]. Consequently, its use, particularly
in the pharmaceutical industry, has been prohibited within the European Union. In this
context, the investigation of sustainable alternatives to fossil-based solvents has intensified
in recent years. Among the neoteric solvents, the Deep Eutectic Solvents (DESs) represent a
versatile alternative to volatile organic solvents, including those of natural origin [4]. The
recent popularity of DESs is mainly due to their simple preparation and their relatively
low cost [5,6]. DESs are typically obtained by mixing two or more compounds [7], which
determines a decrease in the melting point of the mixture below that expected for the
ideal eutectic [8]. At the basis of this deviation, there is the strong interaction between a
hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA) that creates a strong
microheterogeneity at the molecular level [9]. However, the real key to the success of DES
is their tuneability, which allows for the customization of the system to suit specific needs.
Simply modifying the chemical composition of the mixture allows its chemical and physical
properties to be adapted for a specific application. An additional degree of modularity can
be achieved by adjusting the molar ratio between the components [10]. A subset of DESs,
inspired by nature and derived from plant-based products and other bio-resources, are
called Natural Deep Eutectic Solvents (NADESs) [11]. In fact, they are composed entirely
of bio-based compounds, which is the reason behind their biocompatibility [12-14].

Although the definition of DESs does not have a direct implication on most features,
initially, the green characteristics of DESs were assumed based on the pharmaceutically
acceptable profile that was reported in the material safety data sheets of the selected
individual components [15]. Later, a few studies were devoted to investigating the DESs
toxicity profile [16]. Indeed, bio-based chemicals may not be completely biodegradable,
and hence, are not 100% environmentally friendly. However, despite the great interest of
academia and industry in DESs and NADESs applications for gas capture [17], biomass
valorization [18,19], wastewater entrapment [20] and wastewater treatment [21], material
synthesis [22], the toxicity of these compounds is still an underrated issue. Limited recent
research studies have investigated NADESs toxicity on different targets, such as human
cells [23-25], bacteria [25-28], yeasts [25], invertebrates and microalgae [12,26,27], and
fish [29], sometimes reporting conflicting results. Indeed, what emerged from different
papers was a pool of different behaviors of HBA /HBD if assessed singularly or, instead,
in a NADESs composition [12]. Moreover, several studies support the idea of DESs as
“eco-friendly”, assuming they are not toxic, given the fact they are formed by naturally
occurring ingredients and are, for this reason, bio-renewable, biodegradable and bio-
assimilable [30,31], while other publications report a clear toxicity linkable to some DESs
components [23].

Among the NADESs components, choline is the most used compound to prepare
DESs [32], due to its high biodegradability [33] and low toxicity [31] as well as low cost
and widespread availability [34]. Although found in living organisms, the choline cation
currently on the market is of fossil origin and is obtained from trimethylamine and ethylene
oxide [33]. In particular, choline acetate (ChA) and bitartrate (TA) are much less commonly
used than choline chloride (ChCl) in the preparation of DES, but they are a valuable
halogen-free alternative. For example, DES based on ChTA have recently been used to
increase the solubilization of drugs [35], plasticize starch [36] and extract flavonoids [37].
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ChA-based DESs have also recently been studied from a physico-chemical and application
perspective [38—41]. For example, ChA:glycolic acid (GA), ChA:levulinic acid (LA) and
ChA:imidazole (Im) showed excellent performance in hemicellulose solubilization and
were used in Kraft cellulose purification [42]. On the other hand, betaine (trimethylglycine,
Bet), a zwitterionic compound bearing both formal positive and negative charges, has also
been used to prepare DESs [5] and has been even suggested as the universal HBA [43]; like
choline, betaine is also biocompatible [44], has a low toxicity profile [45,46], and is readily
biodegradable. However, in contrast to ChCl, Bet can be derived from renewable sources
and, in particular, by the transformation of the by-product of sugar production [42]. The
use of Bet-based DESs has grown significantly in recent years and they are being used in
numerous applications [47-50].

The proteinogenic amino acid L-proline (L-Pro) has recently received attention for
designing ILs [51-53] and NADESs [54,55] for different applications. The ability of L-Pro
to form enamines or imines when reacting with carbonyl groups, as well as its ability to
induce chirality promoted by the cyclic structure of the molecule, have been exploited in a
wide range of organic synthetic methodologies. L-Pro can promote a very broad diversity
of transformations, which can be explained by the multiple catalytic roles allowed by its
structural features.

Similarly, L-Pro can behave both as an acid or Brensted base, or even show both
behaviors during a mechanism, therefore, being a bifunctional catalyst. It is the only
natural amino acid with a secondary amine functionality, a feature that raises the nitrogen
pKa and increases its nucleophilicity in comparison to other amino acids. L-Pro has
several additional advantages, such as being inexpensive, commercially available, non-
toxic and easily recoverable, which are important properties from the point of view of green
chemistry [56]. L-Pro has recently become widely used as an ingredient in supplements,
health foods and cosmetics. The use of L and D-Pro as an HBA in the preparation of DESs
allows us to develop new reaction media with a dual solvent/catalyst role [57].

Previous research published by the co-authors of this study presented one of the most
comprehensive ecotoxicological screens of NADESs evaluated using a broad battery of
marine and freshwater bioassays [12]. The overall findings revealed a general absence of
acute toxicity across the NADESs tested; however, some NADESs induced algal biostimu-
lation responses in freshwater assays. This suggested that while NADESs are often labeled
as “sustainable”, their ecological effects, particularly for primary producers, may be more
complex than predicted by single-species toxicity tests alone, especially under conditions
where biostimulation could influence ecosystem functioning. Those results highlighted
the need for further investigation of both ecotoxicological endpoints and biodegradation
behavior to more reliably assess the environmental safety of NADESs.

In this study, a series of 15 different choline, betaine, and L-proline-based NADESs (Ta-
ble A1) and their single components (Figure 1) was assessed for their biodegradability using
the aerobic biodegradation method [58], in order to evaluate their persistence in aquatic
systems and the potential release of nutrients, such as N and P by molecule dissolution.

Moreover, we evaluated the potential ecotoxic effect of these compounds and their
respective single components in terms of freshwater microalgae Raphidocelis subcapitata
growth stimulation and/or inhibition, hypothesizing an underrated effect of NADESs as
potential eutrophication substances.
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Figure 1. Chemical structures of hydrogen bond acceptors (A) and hydrogen bond donors (B) and
their abbreviations used in this work.

2. Results
2.1. Biodegradation Results of NADESs

The biodegradability tests conducted for all of the test substances for 28 days were
proven to be valid as the control, readily biodegradable sodium acetate, was eliminated by
at least 60% by the end of 14 days.

All the tested NADESs, as well their single components, were observed to be classified
as “readily biodegradable”, showing biodegradation values > 60% after a 28-day Closed
Bottle Test (Table A2). The only exception was Im, with a biodegradation value of 23% as
an indisvidual HBD component, although when in combination with ChAc (NADES 11), it
seemed to not affect whole NADESs’ biodegradability score (67%). The biodegradability
profiles observed for the studied NADESs are presented in Figure 2a—o.
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Figure 2. Biodegradability profiles of the Closed Bottle Test (CBT OECD 301D, 28 days) for the
studied NADESs: (a) Bet:EG; (b) Bet:CA; (c) Bet:Gly; (d) Bet:LA; (e) Bet:L-LacA; (f) L-Pro:Gly;
(g) L-Pro:L-LacA; (h) L-Pro:LA; (i) ChTA:CA; (j) L-Pro:MA; (k) CA:Im; (1) ChA:LA; (m) ChA:GA;
(n) ChA:DGA; (0) ChA:CA. Quality control series: sodium acetate (6.41 mg/L) in inoculated mineral
medium, used to verify microbial activity and test validity; rapid biodegradation of sodium acetate

confirms inoculum viability. Measured toxicity control: contains both sodium acetate and the test

compound in their respective concentrations, used to assess potential inhibitory or toxic effects of

the test compound on microbial activity by comparison with the quality control series. Calculated

toxicity control: theoretically calculated biodegradation curve from the sum of the expected oxygen

consumption of the reference series and the test series, assuming no inhibitory effects of the test

compound on microbial activity. Used to identify any potential inhibitory effects of test substance on

microbial activity.
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2.2. Raphidocelis Subcapitata Growth Bioassay

Figure 3 represents the growth behavior of R. subcapitata algae exposed to different con-
centrations of 15 NADESs. Each graphic shows the differences, in terms of concentration—
response trend, between NADESs and their components. The concentration-response curve
showed an algal growth stimulation with increasing concentrations in thirteen NADESs
compared to that of the control. The only two tested NADESs where the algal growth was
not different from that of the control were NADES 4 (Bet:LA) (Figure 3d) and NADES 11
(ChA:Im) (Figure 3k).
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Figure 3. Concentration-response graphs of R. subcapitata exposed to NADESs and to their single
components at the relative concentration as in the whole compound at the same concentration. The
red dotted line is the mean algal concentration measured in the controls. (a) Bet:EG; (b) Bet:CA;
(c) Bet:Gly; (d) Bet:LA; (e) Bet:L-LacA; (f) L-Pro:Gly; (g) L-Pro:L-LacA; (h) L-Pro:LA; (i) ChTA:CA;
(j) L-Pro:MA; (k) CA:Im; (1) ChA:LA; (m) ChA:GA; (n) ChA:DGA; (0) ChA:CA. Results are expressed
as mean algal concentration (cells mL~1) + standard deviation (n = 3) for each tested concentration
of each tested substance.
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The concentration-response curve showed an algal growth stimulation with increasing
concentrations in thirteen NADESs compared to the control. The only two tested NADESs
where the algal growth was not different from that of the control were NADES 4 (Bet: LA,
Figure 3d) and NADES 11 (ChA:Im, Figure 3k).

Among the NADESs components, the one with the most stimulating effect in terms
of algal growth was choline acetate, which represents the HBA of NADESs 11-12-13-14-15
(Figure 3k-o). Following the same trend, L-Pro in NADESs 7 and NADES 10 (Figures 3g and 3j,
respectively) showed a slight growth stimulation at the maximum tested concentration,
followed by a reduction in algal growth at 75%, 50% and 25%. The same compound,
tested at concentrations as in NADESs 6 and 8 (Figures 3f and 3h, respectively), showed
an inhibiting effect until 50%. This is linked to the fact that the concentration of L-Pro
in NADESs 6 and 8 at 50% was similar to L-Pro in NADESs 7 and 10 at 25%. A similar
trend, as for L-Pro in NADESs 7 and 10, was observed for MA and L-LacA (Figure 3e,g)).
However, in these cases, the inhibition effect was limited to the concentrations of 50% and
75% for MA and only at 75% for L-LacA.

Bet and ChTA displayed a similar effect on algal growth, having both shown biostim-
ulation at the 100% concentration of NADESs 1,2,3,5 and 9 (Figure 3a—c,e,i). In addition, a
biomass increase was also found at 50 and 75% of Bet in NADES 5, and at 75% of ChTA
in NADES 9. Contrastingly, Bet exhibited a different algal growth pattern in NADES 4
(Figure 3d), where three peaks of biostimulation were found at 10, 75 and 100%, and an
inhibition peak was displayed at 2.5%.

Concerning other tested components, they showed no effect as their growth patterns
were very similar to those of the respective controls.

ANOVA results, with Tukey’s post-test for multiple comparisons, for all concentration—
response effects of each NADESs, are presented in Supporting Information (Table S1).

3. Discussion

Considering the continuously growing necessity of finding new green solutions aimed
at decreasing the impact of human activities on the environment, the present study took
in considering a pool of 15 NADESs, claimed as non-toxic systems, to evaluate their
biodegradability potential and their effects on freshwater algal growth. The same analyses
were accrued out on the single components to highlight possible differences when mixed
in the NADESs.

The current study represents the natural development of our previous research work
on NADESs [12], where the pool of 15 NADESs was evaluated in terms of ecotoxicological
effects on two batteries of tests, a marine test and a freshwater test. Due to interesting
results obtained in terms of microalgal growth biostimulation, particularly emphasized in
the freshwater environment, a deeper investigation on biodegradability and the single com-
ponent effect, in respect to the formed DES system, was considered necessary. Observing,
as an example, biodegradability percentages of NADES single components after 28 days,
we may notice that Im was the one with the lowest biodegradation value (23%). We may
suggest that the inoculum used was likely deficient in key breakdown pathways for this par-
ticular chemical, since the biodegradability rose to 67% in the NADES with choline acetate,
underlining complex interactions between components in whole NADES formulation.

Despite the very limited toxic effect of NADESs observed with tests involving inver-
tebrates, their potential impact on the environment, if improperly disposed of, may lie in
their characteristic as a nutrient source, thus increasing the already large pool of substances
with the potential to disrupt biogeochemical cycles at a global scale [59]. This disruption
might be intensified by extreme natural events linked to a Global Change Scenario, such as
thermal heatwaves [60] and ocean acidification [61]. Regarding the latter, how NADESs
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in aqueous solutions are able to reduce pH value and, as a consequence, enhanced algal
growth was observed [12,62].

In addition to these statements, a ready biodegradability was observed for the majority
of the assessed NADESs, with biodegradation values at 28 days between 60% and 81% for
NADES compounds, and between 23% and 79% for their single components.

Our data coincides with the report on NADESs-based ChCl as HBA and a series of
HBD (glycerol, ethylene glycol, urea, glucose, malonic acid, and lactic acid) studied by
CBT [33], which demonstrated a biodegradability of beyond 60% in all cases. Irrespective of
number of hydroxyl groups per mole or the presence of carboxylic derivatives, such as acids,
esters, or amides, the biodegradability profiles were considered as “readily biodegradable”.
This feature may lead the general opinion to consider NADESs as completely “green”
and “eco-friendly” substitutes to conventional organic solvents. However, the fact that
they are readily biodegradable may enhance the load of dissolved ions/molecules with
nutritional value, such as choline, also known as vitamin B4, and its degradation products,
emphasizing the occurrence of eutrophication phenomena [63].

Due to lack of literature treating NADES effects on microalgae, to better understand
current observations, it is important to deeply analyze all obtained results and compare
NADES effects with their single component behavior. Among the NADESs, those showing
the highest induction of algal growth were NADES 2 (Bet:CA), 3 (Bet:Gly) and 5 (Bet:L-
LacA). All of these three systems have betaine in their formulation, which, notwithstanding
a lack of effect while tested as single component, strongly enhanced algal proliferation
when combined with Gly, CA, or L-LacA. Moreover, NADESs containing L-Pro as HBA,
which tend to slightly reduce algal load while being assessed as single component at high
concentrations (>0.29 mM), displayed a growth-stimulating effect when in combination
with other HBDs (NADESs 6-7-8-10). Differently from those cases, effects of NADESs with
ChA (NADESs 11-12-13-14-15), appeared to be more influenced by this latter component
with respect to all other HBAs, given the similar shape of concentration—effect curves.

Moving the focus specifically to NADES components, it is possible to divide them into
three main groups, depending on their effect. The first group, which comprises the majority
of assessed compounds (betaine, ethylene glycol, citric acid, glycerol, glycolic acid, choline
bitartrate, L-lactic acid, malic acid and levulinic acid), is composed by substances without
significant effects, neither in enhancing nor inhibiting algal growth. The second group is
composed of Im, L-Pro and DGA. These three compounds showed a limited inhibiting
effect on algal growth when tested at concentrations > 0.08 mM for L-Pro, >0.107 mM for Im,
and >0.1 mM for DGA (concentrations in the relative NADES solution, assessed at dilutions
between 25% and 100%). The last group is composed of ChA only, which is present in
NADESs 11-15 formulations (Figure 3k—o0). As stated before, this particular compound
showed a clear algal growth-enhancing effect, which followed the same concentration—
response curve of the relative NADESs, appearing to be the main factor responsible for algal
growth, if compared with concentration-response curves of each assessed whole NADESs.
However, if compared with the relative whole system, the algal biomass measured at each
ChA assessed concentration resulted in lower values. This, again, led us to hypothesize
a synergistic effect between ChA and the other DES component, like in other assessed
NADESs. The only exception was represented by NADES 11, where the two opposite
effects of Im and ChA seemed to interact by simple addition (Figure 3k).

This hypothetical synergistic effect of the two components in the NADES composition,
observed as an emphasized “overgrowth” effect of the entire systems if compared with
both single compounds until 25% as a threshold concentration, has already been observed
for ChCl-based DESs [64,65], but also for other toxic DESs, such as glyceline, ethaline and
reline [27]. This last result was also observed in the present work with NADES 11 (ChA:Im
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1:1), which, as reported before, has Im in its formulation. Im is also known to be linked
to aquatic toxicity in other kinds of NADES-related compounds, such as ionic liquids [12].
However, while Im showed a certain degree of algal growth inhibition, no relevant effects
were observed when it was assessed in combination with ChA as a whole DES.

Regarding biodegradability, with the exception of the previously discussed imidazole,
no other relevant differences in terms of biodegradability percentages were observed
between single components and NADESs, all with values still over 60%. However, the
readiness of biodegradability of these compounds, considering that several of them, such
as L-proline, betaine and choline acetate, contain nitrogen in their formulation, and the
synergistic effect between some components in enhancing microalgal growth, may act as a
perfect fertilizer with a potential eutrophication effect [66].

4. Materials and Methods

The NADESs used in this study and their composition, along with the ratio of the
mixtures and their chemical structure, as well as the NADESs components, are listed in
Table Al.

4.1. Chemicals

Choline acetate (ChA) 98% was purchased from IOLITEC (Heilbronn, Germany).
Betaine (Bet) > 99% and L-Proline (L-Pro) > 99% were purchased from Tokyo Chemical
Industry (TCI) (Tokyo, Japan). Ethylene glycol 99% (EG), levulinic acid (LA) 98%, imidazole
(Im) 99%, and cholinium bitartarate (ChTA) > 98% were purchased from Thermo Fisher
(Waltham, MA, USA). Glycerol (Gly) 99%, glycolic acid (GA) 99%, malic acid (MA) >
99%, diglycolic acid (DGA) 98%, and L-lactic acid (L-LacA) > 98% were obtained from
Sigma-Aldrich (Merck, Darmstadt, Germany). Ultrapure deionized water (Milli-Q Direct
Water Purification System) was used for all solutions and media preparation. Potassium
dichromate, K,Cr,O7 (1 g/L) was purchased as a dehydrated salt (ACS reagent grade,
purity > 99.0%) from Sigma-Aldrich and used as a reference toxicant for algal growth
inhibition assay. The composition and molar ratios of NADESs tested in this study are
reported in Table A1l. NADESs were prepared following the methodologies described in
the literature [16,42].

4.2. Biodegradability Assessment

In the assessment of the biodegradability of organic compounds, the initial and simple
test used is the Closed Bottle Test (modified OECD 301D), usually referred to as the aerobic
biodegradation test [67,68].

Aerobic biodegradation testing was performed using the modified Closed Bottle Test
(CBT), based on OECD 301D guidelines [68,69]. CBT setup with modifications, where
biological oxygen consumption is measured with an optode oxygen sensor system using
PTFE-lined PSt3 oxygen sensor spots (Fibox 3 PreSens, Regensburg, Germany), allows the
measurement of BOD without dispensing it from the stock solution each time for each test
and thereby reducing the number of parallels, as once we open a bottle to measure its BOD,
we cannot use it anymore because it is exposed to the atmosphere; so, in that case, we would
keep a stock solution and pour it into a new measuring flask each time. The modified setup
has also been shown to improve the reproducibility compared to the original OECD 301D
guidelines [69,70]. Compared to other standard aerobic biodegradation tests, CBT is better
suited for testing compounds with different physico-chemical properties. It is also one of
most stringent OECD tests for biodegradability, as the amount of inoculum added is very
low and, thus, compounds passing CBT 301D should show good biodegradation not only
under artificial wastewater treatment conditions but also in soil and groundwater systems.
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Experimental Setup. Each CBT run consisted of four different series, each of which was
run in duplicates. First was quality control (reference series), in which readily biodegradable
sodium acetate in a known concentration (6.41 mg/L) was added to a flask of mineral
medium inoculated with effluent from a wastewater treatment plant. As sodium acetate
is known to be rapidly biodegradable, it acted as a reference and control for monitoring
the activity of microbes in the inoculum. In the test series, a studied compound as the
sole source of carbon was added to the inoculated mineral medium. The test compound
was added in a concentration corresponding to theoretical oxygen demand (ThOD) of
approximately 5 mg/L. ThOD was calculated assuming nitrification would take place as
each of the 25 studied compounds included nitrogen atom(s) in their structure. The toxicity
control series, containing both sodium acetate and the test compound in their respective
concentrations, were used to evaluate test the compounds’ toxicity against inoculum—if
biodegradation values in these bottles were significantly lower compared to reference
series, it was concluded that the test compound could be inhibiting or even being toxic
to microbes in the WWTP effluent. To negate the effect of inoculum itself, blank bottles
containing only inoculum and a mineral medium were added to each CBT run and the
value of these bottles was subtracted from all the other bottles. To make sure seasonal
variations in inoculum composition did not have an effect on biodegradation results, a total
of 6 CBT runs from June to November were performed.

Inoculum. Effluent from a wastewater treatment plant was collected from a mu-
nicipal wastewater treatment plant in Tallinn, Estonia (Paljassaare wastewater treatment
plant, 59°27'55.5" N 24°42/08.8" E). WWTP effluent was filtered through a cellulose filter
(membrane o 240 mm) before being used as inoculum for aerobic biodegradation testing.

Results from each run were accepted if the following criteria were met: (i) difference
in extremes of replicate values at the plateau is less than 20%, (ii) oxygen concentration in
test series bottles must not fall below 0.5 mg/L at any time, (iii) sodium acetate in reference
series must be degraded > 60% by day 14. The blank bottles” oxygen consumption was
also monitored to avoid the possibility of the system turning from aerobic to anaerobic. In
the CBT runs, the oxygen consumption in all of the blank bottles did not exceed 34% of the
initial oxygen concentration.

4.3. Ecotoxicity Assessment

Stock and working solutions

3N-BBM+V (Bold Basal Medium with 3-fold nitrogen and vitamins), as the algal
culture medium, was prepared according to CCAP (Culture Collection of Algae and
Protozoa) guidelines. Medium pH value was corrected to 8.00 £ 0.1.

4.4. Naturally Available Deep Eutectic Solvents (NADESs)

For all NADESs, a set of working concentrations was prepared, starting from 100 mg/L,
which represents our 100%. Selected dilutions for each compound were 100-75-50-25-10-5—
2.5-1%. Dilutions were carried out with algal culture medium 3N-BBM + V.

4.5. HBAs and HBDs

For each HBA and HBD, 1 g/L stock solution was prepared in ultrapure water. These
stock solutions were further diluted to test the concentration of each individual component,
matching the concentration they had in the corresponding NADES mixture. Dilutions were
carried out with algal culture medium 3N-BBM + V. Results were plotted as percentages
indicating the relative amount of compound at that tested NADES concentration.
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4.6. Microalgal Bioassay

R. subcapitata was purchased from the reference center CCAP (Culture Collection of
Algae and Protozoa—Scottish Association for Marine Science/SAMS Research Services Ltd.,
Oban, Scotland, UK). Axenic cultures were kept in 100 mL glass flask stored at 20 + 2 °C,
under natural white illumination (6000-8000 Ix) with a 16:8 dark/light photoperiod. 3N-
BBM + V was used for culturing R. subcapitata. Cultures were renewed every two weeks.
The growth assessment of the freshwater alga R. subcapitata (batch: CCAP 1052/1A) was
performed following ASTM procedures [71].

Before the test started, an algal working batch was prepared by inoculating 2 mL
of maintenance cultures in 20 mL of fresh medium, maintaining it at 20 & 2 °C under
continuous illumination (6000-8000 1x) in order to obtain a logarithmic-phase algal culture.
After 72 h, the algal concentration in the working batch was measured and diluted to
reach a concentration of 10° cell/mL. For the growth inhibition bioassay, all samples at
all concentrations were prepared in triplicate in sterile 24-well plastic plates. 20 uL of the
diluted algal working batch was inoculated in each 2 mL replica of all samples and negative
controls (medium). Plates were incubated at 20 + 2 °C under continuous illumination
(6000-8000 1x) for 72 h.

After 72 h, absorbance (A = 670 nm) was measured in each well with a spectrophotome-
ter (Jenway Genova Plus, Antylia Scientific, Chicago, IL, USA), using 1 cm optic-path plastic
cuvettes. Algal concentration (Cells/mL) was calculated using the following equation,
previously obtained by the CIBM (Livorno, Italy) research group:

Absezo

Cells/mL =
/ 8x 1078

The reference toxicant was potassium dichromate. Stock solution was prepared by
dissolving the dehydrated salt in ultrapure water at a concentration of 1 g/L. From the stock
solution, five different concentrations of potassium dichromate were prepared, respectively,
directly in algal growth medium (1.8-1-0.56-0.32-0.18) mg/L to check the reliability of
the test. The results obtained for this assay fell into the laboratory control chart (ECsg
0.742 mg/L (0.648-0.808).

4.7. Statistical Analysis

For statistical analysis, two-way ANOVA was performed, followed by Tukey’s multi-
comparison test to evaluate the difference in algae growth between (1) DESs and control
(2) HBA/HBD and control (3) DESs and HBA /HBD (4) HBAs and HBDs. Statistical analy-
sis was performed with Graph-Pad Prism 7 software (GraphPad Software, La Jolla, CA,
USA, www.graphpad.com, accessed on 30 April 2025). Statistically significant differences
were reported with asterisks: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

5. Conclusions

All the studied NADESs and the absolute majority of their components showed
good biodegradation values (i.e., >60% = readily biodegradable). However, although
they could be labeled as “green” and “safe” from a chemical point of view, they showed
a clear stimulating effect of R. subcapitata growth. This effect was not always observed
when single components were assessed at the same concentration as in the relative whole
NADES, suggesting a putative synergistic effect for most of the substances while in the
mixture. In particular, the NADESs with the most accentuate synergistic behavior were
those containing betaine and proline, followed by those containing choline acetate and,
less effectively, choline bitartrate. From observing different HBA/HBD combinations,
results suggest that the hypothetical synergistic effect may be mainly linked to HBA
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contribution. Considering that, it appears quite clear that to label NADESs as “green”
or “eco-friendly”, a deeper investigation on both molecular behavior in solutions and
interactions at several organization levels, from molecules to ecosystem, is necessary in
order to prevent unpredictable negative effects on the environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules31020262/s1, Table S1: Tukey’s multiple comparisons
test data.
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EG Ethylene Glycol
GA Glycolic Acid
HBA Hydrogen Bond Acceptor
HBD Hydrogen Bond Donor
Im Imidazole
ILs Ionic Liquids
LA Levulinic Acid
L-LacA L-Lactic Acid
L-Pro L-Proline
MA Malic Acid
NADESs Natural Deep Eutectic Solvents
OECD Organisation for Economic Co-operation and Development
ThOD Theoretical Oxygen Demand
WWTP Wastewater Treatment Plant
Appendix A
Table A1l. NADESs composition and molar ratio.
NADES HBA HBD Molar Ratio
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OH
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3.Bet:Gly N o glycerol 1:2
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~ +
4BetLA oA o 12
betaine levulinic acid
L9 i
~
Nt %
5.BetL-LacA Ao [ 11
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Table A1l. Cont.
NADES HBA HBD Molar Ratio
6. L-Pro:Gly o] OH 1:2.5
Lo o Lo
NH glycerol
L-proline
7.L-Pro: L-LacA Q o 11
@AOH “Hon
NH OH
L-proline L-lactic acid
o o]
8.L-Pro:LA
OH OH 1:2
NH 0
L-proline levulinic acid
|
Ho NS
0 OH Oy _OH
9.ChTA:CA o m 1:1
HO
HO OH
OH O OH
Choline bitartrate Citric acid
(e}
(0]
10.L-Pro:MA OH HON
NH H 1:1
L-proline o oo
D,L-malic acid
11.ChA:Im | (o} HN \ 11
~N
/N\‘\/\OH O-J\ <\N >
choline acetate Imidazole
11
. (0]
12.ChA:LA \l!l* J\ /ﬁ\/YOH
“""S0H O
. o
choline acetate levulinic acid
0]
13.ChA:GA N OH 1.1
ANon O'J\ HO/\[or
choline acetate glycolic acid
(0]
14.ChA:DGA < HO OH 1:1
O
i o Y
choline acetate diglycolic acid
15.ChA:CA ' i Oy-M L1
X : NNF :
o o7 IO
choline acetate HO oH OH
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Table A2. NADESs and their single components, with the relative brutto-formula, molar mass,
concentration for biodegradability test, and biodegradation achieved by CBT 301D (28 days).

NADES HBA:HBD Structural Molar Mass Test Substance ~ Biodegradation
No. (Molar Ratio) Formula (g/mol) (mg/L) (28 days)
1 Bet:EG (14) C13H35N010 365.42 3.57 76%
2 Bet:CA:water (2:1:6) C16H4oN»O17 371.86 5.06 70%
3 Bet:Gly (1:2) C11Hy7NOg 301.34 3.62 67%
4 Bet:LA (12) C]5H27N08 229.66 4.78 68%
5 Bet:L-LacA (1:1) CgH17NOs5 263.759 3.60 70%
6 L-Pro:Gly (1:2.5) C13H31NOq 387.895 3.76 74%
7 L-Pro + L-LacA (1:1) CgH15NO5 205.210 3.77 65%
8 L-Pro:LA (1:2) C1oH21NOy 347.364 3.29 69%
9 ChTA:CA (11) C12H28N206 445.374 4.97 60%
10 L-Pro:MA (1:1) CyH15NO; 249.219 4.58 61%
11 ChA:Im (11) C10H21N303 231.30 3.14 67%
12 ChA:LA (1:1) C1oHp5NOg 279.33 3.01 81%
13 ChA:GA (1:1) CoH1NOg 239.27 3.56 80%
14 ChA:DGA (1:1) C11Hp3NOg 297.30 3.87 77%
15 ChA:CA (1:1) C13Hy5NOqg 373.36 4.32 66%
Single NADES components
Betaine CsH11NO, 117.148 3.05 76%
Ethylene glycol CyHgO, 62.068 3.88 65%
Citric Acid CgHgO7 192.123 6.67 76%
Glycerol C3HgOg3 92.094 4.11 75%
Levulinic Acid CsHgO3 116.116 3.30 72%
L-Lactic Acid C3HgO3 90.078 4.69 65%
L-Proline CsH9NO, 115.132 3.27 72%
D,L-Malic Acid C4HgOs5 134.087 6.98 73%
Choline Acetate C7H17NO3 163.21 2.83 75%
Imidazole C3HyN, 68.077 4.25 23%
Glycolic Acid C,H403 76.05 7.92 79%
Diglycolic Acid C4HgOs5 134.09 6.98 76%
Choline Bitartrate CoH19NO; 253.251 4.17 66%
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ARTICLE INFO ABSTRACT

Keywords: Currently available antidotes against toxic organophosphorus compounds suffer from poor permeability across

Organ(?phosphorus toxicants the blood-brain barrier (BBB) and due to this, are limited in their ability to restore the inhibited acetylcholin-

ga‘fwd'amo“ds esterase (AChE) in the central nervous system (CNS). We designed functionalized detonation nanodiamond
Ximes

nanocarrier platforms to transport quaternary oxime antidotes into CNS. We showed that the nanodiamonds with
covalently attached 4-oximinopyridinium moiety, cross the layer of Madin-Darby Canine Kidney (MDCK) cells,
the surrogate BBB model, and demonstrate a dose-independent reactivation in vitro towards human AChE
inhibited by nerve agents GB and VX, and pesticide paraoxon. Confocal microscopy visualization of tight
junctions and actin cytoskeleton in MDCK and Human Umbilical Vein Endothelial Cells (HUVEC) revealed
temporary disruption of tight junctions at higher nanoparticle concentrations without compromising cell
viability or cytoskeletal integrity. Although reactivation was modest, the nanodiamond platform showed promise
for delivering quaternary oxime to the central nervous system (CNS) in vitro. The results reveal the potential of
detonation nanodiamonds as a promising delivery platform for charged therapeutic agents to CNS aimed to
enhance treatment outcomes in organophosphorus poisoning.

Acetylcholinesterase reactivators
Blood-brain barrier
Central nervous system

1. Introduction artificial-intelligence-powered drug discovery, which could be misused

for designing novel toxins [6]. Some of the most dangerous CWAs are the

Acts of biological and chemical terrorism use toxic agents, for
example, chemical warfare agents (CWA) to cause disease or death in
man, animals, and plants [1]. Nanotechnology offers innovative and
underutilized opportunities for defence against the threats of biological
and chemical warfare [2]. Although the major world powers have
agreed to abandon the use of CWAs [3], destroy their existing pilestocks
[4], and control precursors, the key intermediates can be relatively
easily synthesized [5]. The risk has also been enhanced by dual-use of

nerve agents [7] classified as G-agents, V-agents, and so-called A-agents
known as Novichoks [8,9], which not long ago were used in attacks in
the UK (Fig. 1A) [7]. Structurally similar to this group are organo-
phosphorus (OP) pesticides [10,11]. The nerve agents inhibit serine
esterases by covalently binding to a serine residue in the catalytic site of
the enzyme [12]. Inhibition of human acetylcholine esterase (AChE) is
the main mechanism for nerve agent toxicity resulting in the accumu-
lation of neurotransmitter acetylcholine in synapses, leading to nervous
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potent quaternary oximes - reactivators of the OP-inhibited AChE; the hydroximinomethyl pyridinium moiety is highlighted in color. (For interpretation of the
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and respiratory failure and death within minutes of the exposure if it
remains untreated [13].

Improving individual- and community-level resilience against po-
tential attacks becomes part of sustained investment targeted at avoid-
ing panic and reinforcing response if CWAs were used against civilians
[14]. A core component of the “frontline” response to terrorism, first
responders and spontaneous volunteers, will face health and safety risks
requiring up-to-date protecting equipment and antidotes. Despite
numerous efforts, there are still no available nerve agent antidotes that
can easily cross the blood-brain barrier (BBB), effectively restore
enzyme activity in the central nervous system (CNS) and prevent brain
damage to improve survival rate and quality of life of the affected in-
dividuals [15]. Therefore, new delivery strategies enabling antidotes to
cross the BBB efficiently are urgently needed.

Research on antidotes against OP poisoning continues for almost
seven decades since pralidoxime (2-PAM) was employed [16], resulting
in development of the potent AChE reactivators bearing hydrox-
iminomethyl pyridinium fragment in their structure (Fig. 1C) [17,18].
Meanwhile, the efforts to improve oxime reactivation efficacy have
yielded only a limited success [19-23] due to the presence of pyridinium
moiety, which prevents access of the positively charged molecules to the
CNS [24-27].

The current standard treatment of poisoning by toxic OP compounds
usually consists of combined administration of anticholinergic drugs
(atropine) and nucleophilic agents (quaternary oximes) [13,28]. Anti-
cholinergic drugs block effects of the accumulated neurotransmitter
acetylcholine, while the oximes reactivate AChE inhibited by the OP
compounds [29-31]. However, the development of a versatile molecular
scaffold with high efficiency towards inhibited AChE and ability to cross
the BBB, remains a challenge [32]. Alternatively, poor accessibility of
the quaternary oximes to the CNS can be improved by means of a de-
livery system, such as nanoparticle-based vehicle, capable of trans-
porting the charged molecules across the BBB [33-36]. Our study
focuses on this alternative approach, using nanodiamond particles as
delivery vehicle.

The nanodiamonds (NDs) belong to the family of carbon nano-
particles (NPs) that have been attracting an increased interest of re-
searchers over several decades due to their unique characteristics
[37-39]. NDs possess diamond-like properties at the nanoscale,
including chemically inert core, high Young’s modulus, and fluores-
cence combined with tailorable surface chemistry [37,40,41] and fully
accessible external surface in an ~5 nm diameter approximately
spherical particle. Notably, NDs exhibited the lowest in vitro cytotoxicity
among all carbon NPs [42]. There are several ways to fabricate NDs,
which determine the properties of the resulting material [38,39,43,44].
The detonation NDs require post-synthesis purification through air
oxidation [45] or ozone treatment [46], which in addition to removal of
non-diamond carbon and mineral impurities, also homogenize surface
chemistry via creation of carboxylic groups on the ND surface [39,41].
The uniform surface chemistry is crucial for further modification [47,
48]. Controlled surface modification enhances ND transport to target
tissues and facilitates controlled drug release in cells and tissues
[49-52]. Due to these outstanding properties, NDs were researched as a
promising platform for drug delivery and biomedical applications
[53-57]. In particular, NDs with covalently attached anticancer drug
doxorubicin have been employed for targeted drug delivery to brain
tumor cells [58]. Surface-modified NDs have been shown to induce
reversible ND-mediated vascular barrier leakiness, akin to the enhanced
permeability and retention (EPR) effect, which can be used to facilitate
drug delivery through the temporarily and reversibly disrupted BBB
[59-61]. In ex vivo mouse brain studies, the nanoparticles efficiently
penetrated the blood-brain barrier without causing brain cell lesions or
histomorphological changes, further confirming their biocompatibility
and medical suitability [62].

In this study, we designed functionalized detonation NDs as non-
toxic nanocarriers to transport covalently grafted oximinopyridinium
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AChE reactivators into the CNS. The nanoparticles with a pharmaco-
phore covalently attached via biocompatible linker were prepared and
characterized. We evaluated their ability to cross the BBB in vitro using
MDCK and HUVEC cell lines as well-established models. The reac-
tivation capacities of these ND based delivery vehicles towards human
AChE inhibited by the CWAs sarin (GB) and VX, and by OP pesticide
paraoxon (POX) were also studied. Although the observed enzyme
reactivation efficiency in this first attempt remains low, it indicates the
promise of this approach and highlights the necessity for further struc-
tural optimization and detailed mechanistic studies.

2. Results and discussion

Over the past decades, the transport of drugs by the nanocarriers
(nanoparticles) across BBB has emerged as a method for drug delivery to
the CNS [63,64]. Previous studies reported transport of noncovalently
bound molecules by NDs in epithelial tissue cell lines but there were no
reports on delivery of charged molecules across tight junction structures.
In contrast to the epithelial cells, the BBB with abundant tight junctions
represents an impermeable barrier to quaternary oxime antidotes. Our
initial experiments confirmed this challenge: ND-COOH was unable to
deliver noncovalently bound (adsorbed) quaternary oxime antidotes,
pralidoxime (2-PAM) and asoxime (HI-6), through the MDCK cell
monolayer (Supplementary S5 online). Hence, an alternative approach
was explored in which NDs with covalently bound charged oxime AChE
reactivator are transported across BBB.

A series of three oxime-grafted nanodiamonds was prepared starting
from the highly pure ND-COOH material, as shown in Scheme 1
(detailed synthesis and characterization procedures are available in
Supplementary S1 online). Functionalized fragments were synthesized
using PEG3-diamine as a spacer and attaching 4-oximinomethylpyri-
dine. Further modification of the functional fragments included reac-
tion with haloacyl halides with different spacers (n = 1, 2, 3 for ND-A1,
ND-A2, and ND-A3, correspondingly, see Scheme 1 and Supplementary
S1 online). These constructs were coupled with ND-COOH using N,N'-
carbonyldiimidazole as a coupling agent (Scheme 1 and Supplementary
S1 online) [65,66].

Prior to cell imaging, intracellular uptake and reactivation capacity
assays study, the obtained ND-based reactivators, ND-A1l, ND-A2, and
ND-A3 (Scheme 1), were characterized to confirm their structure and
aggregation behavior.

2.1. Characterization of oxime-grafted nanodiamonds ND-A1, ND-A2,
and ND-A3

Scanning Electron Microscopy. The morphologies of pristine (ND-
COOH) and functionalized nanoparticles (ND-A1, ND-A2, and ND-A3)
were characterized by SEM. All synthesized conjugates retain the
overall texture and morphology of the starting material, albeit they
visually appear slightly more agglomerated than ND-COOH (Fig. 2).
Quantification and maximization of the number of oxime groups
attached per ND particle is planned for future studies.

The most important characterization result, the evidence of covalent
modification of the ND-COOH with functional groups, was obtained by
FT-IR and NMR spectroscopy.

Infrared spectroscopy. Covalent binding employed in this work is
based on chemistry of COOH groups on ND surface. FT-IR analysis
clearly confirmed successful covalent functionalization of ND surfaces.
The carboxyl functional groups on the surface of the starting ND-COOH
material were detected using the characteristic O—H stretch (3420 cm ™)
and bend (1628 cm ™) vibrations, as well as C=0 stretch band at 1775
em! (Fig. 3) [46,52]. Broad bands in the ‘fingerprint region’
(1000-1500 cm ™) could be attributed to the combination of the over-
lapping peaks of C-O-C stretch and O-H deformational vibrations,
epoxy C-O stretch and C-C stretch, see Supplementary S4 online.

In contrast to ND-COOH, the FT-IR spectra of ND-A1l, ND-A2, and
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ND-A1 (n=1)
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Scheme 1. Synthesis of oxime-functionalized nanodiamonds ND-A1, ND-A2, and ND-A3. Reactions and conditions: (A) PEG3-diamine, Boc,O, DCM; (B) haloacyl
halide, pyridine, DCM; (C) pyridine-4-carbaldoxime, acetonitrile; (D) CF3COOH, DCM; (E) ND-COOH, N,N-carbonyldiimidazole, MeCN (more details in Scheme S1
and experimental procedure in Section S1); 4-hydroximininomethyl pyridinium fragment is highlighted in red, PEG3-diamine spacer is highlighted in blue.
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Fig. 2. SEM micrographs of nanodiamonds studied. (Top left) ND-COOH. The synthesized ND-oxime grafted nanodiamonds: (top right) ND-A1, (bottom left) ND-A2,

and (bottom right) ND-A3.

ND-A3 showed new signals as the result of chemical modification. To
confirm covalent attachment of molecules to nanoparticles in contrast to
their adsorption, it is important to focus on specific FT-IR bands char-
acteristic to either new bonds formed or the existing bonds that have
been broken in the attachment reactions [40]. Coupling reaction of
ND-COOH with 1,1-carbonyldiimidazole (CDI) leads to formation of
amide bonds, which were not present in the initial material nor in the

coupling agent. Accordingly, the intensity of a broad O-H stretch band
has decreased in the spectra of the conjugates compared to ND-COOH,
and a new characteristic band of amide C(O)-N-H stretch near 3120
cm ™! appeared, accompanied by a red shift of the C=0 stretch peak to
1670 cm ™', Additionally, the peaks of C-H stretch at 2800-3000 cm ™,
C=N stretch near 1650 cm ™!, and aromatic C=C stretch between 1600
and 1500 cm~! are seen in ND-Al, ND-A2, and ND-A3 (Fig. 3;
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Fig. 3. FT-IR comparison spectra. (Red) ND-COOH. (Blue) ND-Al. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Supplementary S4 online), confirming the presence of methylene,
amide, and pyridinium moieties, respectively.

13C MAS NMR. The 13C MAS NMR spectra of ND-COOH were ob-
tained either via 'H/'C cross polarization (CP), which highlights car-
bons interacting with nearby protons (Fig. 4A), or via direct excitation
followed by proton decoupling, revealing different types of carbons in
the sample (Fig. 4B). Naturally, in the ND conjugates the number of
carbon atoms adjacent to protons is significantly smaller than the total
number of carbons. Peak deconvolution using Gaussians/Lorenzians
(green lines in Fig. 4A and B) shows the contributions of different
components (see also Table 1), while the red lines represent the

Chemico-Biological Interactions 420 (2025) 111711

convoluted spectra. Spinning sidebands (asterisks) appear at frequencies
related to the sample spinning rate. Panels C and D in Fig. 4 display
spectra of ND-A1, ND-A2, and ND-A3. They exhibit intensities in the
direct excitation spectra approximately ten times greater than those
obtained with the CP pulse sequence. The spectrum recorded without
'H/¥3C CP can be well described by eight different resonances with
parameters given in Table 1. The most intense lines in the spectra with
CP are ~40 times smaller than without CP (Fig. 4B). The ratio of com-
bined intensity of carbon atoms in the two spectra corresponds to the
anticipated fraction of carbon atoms on the surface of a ca. 5 nm
diameter diamond particle [40,41,67]. Analysis of the CP spectrum
shows that majority (60.8 %) of carbon atoms are composed by (i)
typical graphite-like carbon 2C-CH, at 29.5 ppm and (ii) terminal
2C-CHy carbon at 37.5 ppm as, e. g, in the core of adamantane, the
smallest diamondoid. The resonance at 52 ppm (25.6 % of surface car-
bons and 12.6 % of all carbon atoms) could be assigned to the tertiary
carbon, the peaks at 73 ppm (11.6 % of carbons and 5.7 % of all carbon
atoms) and at 98 ppm (0.5 % of all carbon atoms) occur typically in alkyl
moiety next to electron withdrawing groups. The spectrum obtained
with direct excitation shows that at least half of the carbons are in the
ND core sites, while the number of aromatic sp2 carbons and COOH
groups is relatively small. This agrees with the results reported in NMR
studies of similar ND-COOH samples [68-70].

After surface modification, new peaks belonging to the ligand moiety
appear in the spectra (Fig. 4C and D). The new peaks in the region of
aromatic carbons at 120 ppm, 135 ppm, and 162 ppm can be assigned to
pyridine ring, the new peak at 70 ppm to the carbons in [-C-C-O-] chains,
and the peak at 29 ppm to sp° carbons of ~CH,- chains. The CP spectra of
all three samples are similar, although the peaks in the aromatic region
of ND-A1 and ND-A3 are weaker compared to ND-A2.
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Fig. 4. 3¢ MAS NMR spectra of ND-COOH and oxime-functionalized ND-A1, ND-A2, and ND-A3. (A, C) TH/'3C cross polarization (CP) sequence. (B, D) direct

excitation (without CP).
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Table 1
Chemical shift in the'>C NMR spectrum. Measured (direct excitation) for ND-COOH with relative intensities contributed by different components.
Core Core, 4C-C 2C-CHy -CHa-N- 2C-CH-O- 2C-C-20 N-C=0 C—N COOH
Chemical shift (ppm) 29.5 34.9 37.5 51.8 72.8 98 161 187
Relative Intensity (%) 4.4 46.4 29.9 12.6 5.7 0.5 0.2 0.3

2.2. Size of the nanodiamond conjugates in colloidal solution

Particle size distributions of ND-COOH and oxime-functionalized
ND-A1l, ND-A2, and ND-A3 dispersed in demineralized water and
phosphate buffer saline (PBS), modelling physiologically relevant
environment, were measured by dynamic light scattering (DLS). The
suspension of ND-COOH in MilliQ water is made up of two populations
of the aggregates in the nanoscale range, a smaller population with
hydrodynamic diameter ~30 nm and a larger fraction with a median
above 200 nm (Fig. 5). ND-COOH in PBS showed a single fraction with
the aggregates of ~250 nm diameter (Fig. 5). The higher degree of
agglomeration in PBS may be attributed to the salting-out effect
commonly occurring in electrolyte solutions. In PBS suspensions, ND-A1
showed high aggregation with hydrodynamic diameter 531 nm; ND-A2
produced two overlapping populations at 164 nm and 615 nm, respec-
tively; and ND-A3 gave a broad distribution of fractions peaked at ~250
nm, see Fig. 5.

Overall, the data show that the introduction of organic moieties on
the surface of ND-COOH leads to increased aggregation in PBS and water
colloids. It should be also noted that the structure and nature of ND
agglomerates are still debated and that these agglomerates are most
likely weakly bonded and dynamic, meaning that at any moment of time
there is an equilibrium between aggregated and disaggregated ND par-
ticles in solution, which shifts towards the single particles if their
equilibrium concentration is reduced. Nonetheless, the observed ag-
gregation is somewhat concerning, which maybe resolved by further
optimization of dispersion methods.

2.3. Permeability and acetylcholinesterase reactivation
Permeability experiments with in vitro BBB model. The perme-

ability of ND-A1 across the MDCK BBB model was studied in the double-
well experiment and evaluated as the apparent permeability coefficient
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Fig. 5. Particle size distribution (represented as intensity of scattering) of
nanodiamonds. (Red solid line) ND-COOH in MilliQ water. (Red dash-dotted
line) ND-COOH in PBS. (Black dash-double dotted line) ND-A1 in PBS. (Blue
dashed line) ND-A2 in PBS. (Green dash-dotted line) ND-A3 in PBS. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

(Papp). In this model, compounds showing Pypp > 3 x 107% cm/s have
high potential to enter the CNS and compounds with Pap, < 1 x 10°°
cm/s have very low chances to penetrate the BBB [71,72]. The MDCK
assay evaluates the ability of compounds to permeate from the donor
compartment through the MDCK cell membrane into the acceptor
compartment. The concentration of ND-A1 or reference compounds in
both compartments was measured by UV-VIS or fluorescence spectro-
photometry (Table 2). Remarkably, the P,p, value for ND-A1 extracted
from these experiments is only about twice lower compared to either
hormone testosterone or a reversible cholinesterase inhibitor donepezil,
both known to be capable of crossing the BBB easily, and is similar to
that of 7-methoxytacrine (7-MEOTA) [73]. In contrast, sulfasalazine
(used here as negative standard), an antirheumatic drug with low lip-
ophilicity and limited membrane crossing, showed Py, value ~26-30
times lower, see Table 2. Similarly, in the same experiments an estab-
lished quaternary oxime antidote obidoxime (presented in Fig. 1)
demonstrates an extremely low permeability, with P,p, value compa-
rable to that of sulfasalazine, see Table 2, as expected since low BBB
permeability is a known long-standing issue for charged quaternary
oxime antidotes.

Interestingly, ND-A1 in a lower concentration (10 pg/mL in sus-
pension) showed remarkably better permeability compared to higher
concentration (100 pg/mL), see Table 2, which is probably due to an
increased aggregation of functionalized NDs at higher concentrations
[74-76] or to their accumulation inside the cells. Indeed, pilot mea-
surement using cell lysis after the MDCK permeation experiment showed
that approximately 13 % (for 10 pg/mL) and 30 % (for 100 pg/mL) of
total amount of ND-A1 is accumulated inside the cells, confirming that
NDs in higher concentrations tend to aggregate more and thus show a
higher extent of intracellular entrapment.

Internalization of ND-A1 in the MDCK and HUVEC cells. We used
the MDCK cells due to their unique capability to form an epithelial
monolayer in a culture that contains functionally intact tight junctions
to evaluate the uptake and internalization of ND-COOH and function-
alized ND-Al. The ZO-1 antibody was used to stain tight junctions that
appeared intact in non-treated cells (control in Fig. 6A). MDCK cells
were treated with 10 pg/mL, 50 pg/mL, and 100 pg/mL of NDs for 1 h, 3
h, and 24 h. ND-COOH was visualized with brightfield imaging using
differential interference contrast (DIC) (Fig. S1). ND-Al exhibits
intrinsic green fluorescence and therefore, its visualization is possible in
a convenient way (Fig. 6 and Supplementary Fig. S2 online). We found
that internalization of ND-A1 in MDCK cells is concentration-dependent,
and the nanoparticles accumulated in the cells over time. We were not
able to visualize ND-A1 added at 10 pg/mL inside the cells up to 24 h of

Table 2
Permeability of ND-A1 and reference compounds. Measured across the MDCK
assay as in vitro BBB model.

Compound or material Experimental estimation of BBB Penetration CNS (+)
Papp £SD (x 10 ®cms™)

ND-A1 10 pg/mL 14.55 + 1.10 CNS +
ND-A1 100 pg/mL 4.68 + 2.46 CNS +
Testosterone 30.16 + 3.99 CNS +
Donepezil 26.80 & 2.70 CNS +
7-MEOTA 17.19 + 3.56 CNS +
Sulfasalazine 0.96 + 1.06 CNS -
Obidoxime 1.00 £ 0.33 CNS -

Note. CNS+ (green): stands for predicted BBB penetration; CNS (red): stands for
no BBB penetration; CNS+/— (orange): stands for uncertain result.
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a - ND 70-1

¢ Hoechst/Z0O-1/ND

Hoechst/Z0O-1/ND

control

ND-A1 10 pg/mL
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Fig. 6. Entry of ND-A1 into MDCK (left panel) and HUVEC (right panel) cells. (A) Confocal microscopy images show ND-A1 uptake in MDCK (left) and HUVEC (right)
cells. The top panel presents untreated controls, while the bottom panel shows MDCK cells treated with 100 pg/mL ND-A1 for 3 h and HUVEC cells treated with 10
pg/mL ND-A1 for 1 h. Cells were fixed and stained with ZO-1 (red, cell junctions) and Hoechst 33342 (blue, nuclei). ND-A1 exhibits intrinsic fluorescence and appears
green, visible through both DIC and 488 nm laser excitation. Merged images highlight internalized ND-A1 (yellow arrows). (B) Orthogonal views from the z-stack
confirm intracellular localization of ND-A1 (yellow arrows).(C) 3D rendering further visualizes ND-A1 inside the cells, reinforcing its internalization. All images were
processed using Imaris software. Scale bars: 20 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

exposure. The MDCK cells treated with 100 pg/mL ND-A1l for 3 h
showed a clear intracellular ND-A1 fluorescence (Fig. 6A and Fig. 52),
however, the tight junctions stained with ZO-1 seemed less intact and
ruffled. The results are consistent with reported data on time- and
concentration-dependent ND uptake via clathrin-mediated endocytosis
[61]. The 3D reconstruction with Imaris software confirmed that the
ND-A1 nanoparticles have successfully entered the MDCK cells as seen in
the sectional and 3D view (Fig. 6A and C, left panel). Disruption of tight
junctions was even more noticeable at 24 h (Fig. S2). Treatment of the
cells with ND-COOH resulted in a similar concentration- and
time-dependent intracellular accumulation of nanoparticles, and ZO-1
showed a similar change of its localization pattern over time as
compared to the cells treated with ND-A1. Therefore, the internalization
of our ND based conjugates is determined by the size and other prop-
erties of NDs and is not much sensitive to the attached molecules.

To confirm these results, another cell culture model of the human
BBB, made of human umbilical endothelial cells (HUVEC), was
employed. To enhance the cell-cell junctions, the cells were grown on
gelatin-coated coverslips to a confluent layer and treated for 24 h with
an astrocyte-conditioned medium mixed 50:50 with endothelial cell
growth medium. As can be seen in the right panel of Fig. 6A the tight
junctions stained by ZO-1 antibody are clearly visible but are less
noticeable than in MDCK model, as expected. We observed that ND-A1
could successfully enter the HUVEC cells already at 1 h time point
from the solution of the lowest concentration 10 pg/mL, see Fig. 6 right
panel and Supplementary Fig. S3 online. The HUVEC cells were recon-
structed using Imaris software and rotated to better illustrate the
intracellular ND-A1 particles by using sectional and 3D view, see Fig. 6B
and C, right bottom panel.

The tight junctions stained by ZO-1 were less pronounced in this cell
line upon treatment with the nanoparticles, however, the difference
between the ZO-1 patterns of untreated control and the cells incubated

with our ND conjugates is obvious. Longer incubation periods with NDs
disrupt the tight junctions between the cells considerably and in a
concentration-dependent and time-dependent manner. The ND-Al
showed the formation of large aggregates upon entering the cell irre-
spective of their initial concentration, see Supplementary Fig. S5 online.
However, the actin cytoskeleton of HUVEC cells seemed intact even after
24 h treatment with the highest concentration of NDs, see Supplemen-
tary Fig. S6 online. Therefore, the observations reveal that the ND-Al
nanoparticles were successfully internalized by the cells, supporting
previous reports that NDs may induce temporary changes in cell
permeability [61,77]. Although initial results suggest nanoparticle
internalization via endocytosis without significant cytotoxicity, addi-
tional investigation is necessary to conclusively elucidate the internali-
zation mechanism and its potential effect on tight junction integrity.

AChE reactivation using in vitro assays. Reactivation capacity of
ND-A1, ND-A2, and ND-A3 towards human inhibited AChE was studied
against their structural analogue 4-PAM (Scheme 1) as positive control
and compared to four other selected pyridinium oximes (see structures
in Fig. 1): pralidoxime (2-PAM), methoxime, obidoxime, and asoxime
(HI-6). The reactivation capacities against human AChE inhibited by
sarin, VX, and paraoxon for antidotes used in the doses of 10 pg/mL and
100 pg/mL for NDs and 10 pM and 100 pM for known quaternary oximes
are presented in Table 3. The concentrations of the oximes converted
into pg/mL are presented in the parentheses for comparison with the
corresponding oxime-functionalized ND formulations.

These data show similar efficiency of ND conjugates to 4-PAM in
their reactivation capacity towards POX- and VX-inhibited AChE.
Importantly, although the values remain low compared to other pyr-
idinium oximes, they are not lower than the corresponding values for 4-
PAM. The lower dose of ND-Al (10 pg/mL) revealing better perme-
ability in the in vitro experiment, showed 3-4 times lower capacity than
2-PAM, methoxime, or asoxime (10 pM, which is equal to 1.75-3.59 pg/
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Table 3

Reactivation potency of ND-A1, ND-A2, and ND-A3 and five selected quaternary
oxime reactivators (4-PAM, pralidoxime, methoxime, obidoxime, and asoxime,
see Fig. 1) against nerve agents- (GB, VX) and paraoxon- (POX) inhibited human
ACHhE after 10 min of incubation.

Compound GB VX POX
or material
100pg/ 10pg/  100pg/  10pg/ 100 pg/ 10 pg/
mL (% mL (% mL (% mL (% mL (% mL (%
+ SD) +SD)  +SD) +SD)  +SD) + SD)
ND-A1 0.88 + 0.58 0.80 + 0.70 1.93 + 1.93
0.35 +0.04  0.00 +070  0.92 +0.34
ND-A2 111+ 1.17 0.54 + 0.71 1.53 + 2.48
0.41 +0.01 047 +0.05 0.38 +1.14
ND-A3 0.56 + 1.13 1.10 + 0.82 1.89 + 0.95
1.74 +052  0.45 +0.01  0.44 +0.02
4-PAM 7.6" + 01"+ 27'+ 04"+ 38"+ 19" +
0.6 0.0 0.2 0.1 0.6 0.4
(17.469  (1.759  (17.469  (1.759  (17.469  (1.759
Pralidoxime 358"+ 83"+ 92"+ 11"+ 289°+ 62"+
(2-PAM) 0.5 0.3 0.2 0.0 2.2 0.4
(17.469 (1759  (17.469  (1.759  (17.469  (1.759
Methoxime 302"+ 61"+ 120°+ 15"+ 405°+ 80"+
1.5 0.4 0.1 0.1 22 1.0
(32.92 (3.29 (32.92 (3.29 (32.92 (3.29
9 9 9 9 9 9
Obidoxime 37.6°+ 127" 14.6° 15"+ 66.5° 32.4"
1.3 +0.1 +1.7 0.6 +1.2 +2.2
(35.92 (3.59 (35.92 (3.59 (35.92 (3.59
9 9 9 9 9 9
Asoxime (HI-  90.0°+ 516" 488"+ 42"+ 27.1°+ 56"

6) 2.6 + 3.0 0.7 0.4 1.1 +2.2
(35.92 (3.59 (35.92 (3.59 (35.92 (3.59
9 9 9 9 9 9
Note. 4-PAM, pralidoxime, methoxime, obidoxime, and asoxime were used in
the experimental concentrations.
# 100 pM.
> 10 uM ((mean + SD).
¢ the concentration of quaternary oxime reactivators in pg/mL is given in
parentheses.

mL) in the case of POX, while obidoxime demonstrated remarkable 17-
fold superiority. Reactivation capacity towards VX-inhibited AChE is
1.5-6 times higher for those oximes. Obidoxime and asoxime, the
established antidotes-reactivators of AChE bearing 4-oximipyridinium
moiety in their molecules (see Fig. 1) are most efficient towards sarin
(GB), reaching 1-2 orders of magnitude, compared to ND-Al. The
concentration-dependent effect was confirmed for all quaternary oximes
(Table 3), whereas ND formulations demonstrated dose-independent
behavior, which may be due to increased agglomeration of the func-
tionalized NDs at higher concentrations. We note, however, that the use
of ND conjugates in high concentrations is not practical anyway as their
permeability across the BBB is lower at higher concentrations (see
Table 2) and in general, nanoparticles are intended to be used in very
low concentrations. Due to low reactivation efficiency (<2 %) registered
in this first study, additional experiments with increased incubation time
and alternative linker chemistries or improvement of the structure of the
oximinopyridinium platform may be needed for further optimization of
the ND formulations. Additionally, future comparative assays using non-
conjugated oximes (3a, 3b, and 3c, Supplementary S3) will be essential
to clearly assess the contribution of ND conjugation to reactivation
efficiency.

Overall, these data illustrate the potential of the ND-based carriers to
mediate the problem of AChE reactivation in CNS by facilitating the
delivery of the antidotes bearing pyridinium oxime moieties across the
BBB.

Cell viability and biodegradability. The viability of MDCK cells
after treatment with ND-A1 was evaluated by MTT cytotoxicity assay
showing the ICsg values higher than 500 pg/mL for all studied samples.
It supports our prior assumption that the ND-A1 particles pass through
the monolayer without hampering the cells in the BBB model assays. The
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NDs are non-toxic [78], so they are non-biodegradable and non-toxic
nanomaterials [79-81]. The organic “corona” containing oxime moi-
ety demonstrated insignificant biodegradability and did not pass the
readily biodegradability Closed Bottle test OECD 301D, see Supple-
mentary S9 and Supplementary Fig. S7 online. The inherently biode-
gradability may be reached in case of the extension of the experimental
window [79], making oxime-grafted NDs suitable for special applica-
tions. Investigation into biodegradation under extended physiological
conditions may also shed light on assessing environmental and clinical
safety.

To summarize, the newly synthesized oxime-functionalized nano-
diamonds are shown for the first time to be able to cross the cell
monolayer model of the BBB without disrupting functionally intact tight
junctions, particularly, at lower concentrations, and without damaging
the cytoskeleton or exerting other cytotoxic effects on the MDCK and
HUVEC cells. At higher concentrations, which we believe will not be
practical, the functionalized NDs tend to aggregate in the cells within the
time of the experiment. Nanodiamond-mediated delivery of positively
charged moieties, antidotes against nerve agent poisoning, across the
BBB opens doors to reactivation of AChE in CNS. Although the reac-
tivation capacity measured in these initial experiments remains low, it
compares favorably to the capacity of 4-PAM, structural analogue of our
designed ND conjugates. At the same time, our results highlight the
necessity for further structural optimization of the nanocarriers and
oxime conjugation strategies to enhance their therapeutic efficacy.

3. Conclusion

This study presents an innovative approach for using functionalized
nanodiamonds as a delivery platform for AChE antidotes across the BBB
into the central nervous system. The 4-oximinopyridinium antidote was
covalently linked to the ND-COOH particles via a biocompatible frag-
ment. The designed ND conjugates were able to cross the well-
established MDCK cell monolayer surrogate model of human brain-
blood barrier. HUVEC-based assays were included as a human-derived
endothelial model to support the findings. Initial microscopy results
suggest concentration-dependent internalization of mnanoparticles
without significant disruption to tight junction integrity or cell viability;
however, further clarification of internalization mechanisms is required.
Although internalization was clearly observed, future studies should
precisely determine the mechanisms involved and confirm reversibility
of the minor disruption to tight junctions. However, we note that oxime-
functionalized nanodiamonds do not seem to affect cell viability or
integrity of the actin cytoskeleton. Most importantly, even in this first
report, the oxime-modified nanodiamonds ND-A1 already showed low
but measurable in vitro reactivation capacity towards human OP-
inhibited AChE, which favorably compares to their structural
analogue, 4-PAM. Given the observed low reactivation and issues of
aggregation at higher concentrations, we believe that there is potential
for further enhancement of the efficacy of the ND-based reactivators that
can be achieved via optimization of the antidote structure and ND sur-
face modification. Systematic evaluation of structure-activity relation-
ships and optimization of nanoparticle dispersion methods may
significantly improve therapeutic outcomes. In a broader context, this
paper also shows that detonation NDs can be studied as delivery vehicles
across the BBB for drugs used in treatment of other conditions and dis-
eases specific to CNS, such as the Alzheimer disease, etc.

4. Materials and methods

Reagents and chemicals. All chemicals and solvents were pur-
chased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific or TCI Europe
and used without further purification. Deionized water from a Milli-Q
system was used in all sample preparations. Pralidoxime chloride was
prepared in the Department of Toxicology and Military Pharmacy,
Military Faculty of Medicine, University of Defense (Czech Republic).
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Octadecylsilane-bonded silica gel SPE column (Phenomenex) was pur-
chased from Chromservis s.r.o. (Czech Republic). GB (isopropyl meth-
ylphosphonofluoridate) and VX (O-ethyl S-diisopropylaminomethyl
methylphosphonothiolate) with purity >95 % were obtained from the
Military Technical Institute in Brno, Czech Republic. Paraoxon (O,0-
diethyl O-(4-nitrophenyl) phosphate, POX) of analytical grade was
purchased from Sigma-Aldrich.

Nanodiamond powder UD90 produced by detonation synthesis was
supplied by NanoBlox, Inc., USA. The powder was characterized and
purified from non-diamond carbon by a well-known standard proced-
ure: oxidation in air followed by reflux in ~35 wt % aqueous HCI to
remove traces of metals and metal oxides. After the HCl reflux, the ND
was allowed to settle to the bottom of the flask. The excess HCl with
dissolved salts was removed; ND powder was separated by centrifuga-
tion, rinsed multiple times with deionized water until neutral pH, and
then dried in an oven at 110 C overnight. This purification procedure, as
well as exhaustive characterization of the purified ND, were reported
elsewhere [40,45,82-85]. The purified ND with acidic groups on the
surface, labeled ND-COOH, was a starting material for all subsequent
functionalization in this work. Oxime-functionalized NDs were prepared
and purified as shown in detail in Supplementary S1 online, Fig. S8.

Characterization of products. 'H and 3C NMR spectra of the ob-
tained compounds are presented in Supplementary S2 online. Ion ex-
change of TFA counterion in the final products was monitored by °F
NMR following the procedure developed by Okaru et al. [86], see Sup-
plementary Table S1 online. The High-Resolution Mass Spectroscopy
(HRMS) identification of compounds was performed with an Agilent
6540 UHD Accurate-Mass Q-TOF LC/MS G6540A mass spectrometer. IR
spectra were collected with a Tensor 27 FT-IR spectrometer. NMR
spectra were recorded with Bruker Avance III 400 MHz NMR spec-
trometer operated at 400 MHz for 'H NMR and 101 MHz for '3C NMR.
Spectra were recorded in deuterated chloroform (CDCls) or dimethyl
sulfoxide (DMSO-ds) where appropriate. All chemical shifts §, ppm are
relative to the internal standard TMS; coupling constants J are measured
in Hertz (Hz). '3C MAS NMR spectra were recorded with a Bruker
AVANCE-II spectrometer at 14.1 T magnetic field using a home-built
MAS probe for 25x 4 mm Si3Ny rotors, spinning at frequency 12.5
kHz. The spectra were recorded with a simple 90-degree pulse (4.5 ps)
excitation followed by acquisition in high field (H; = 100 kHz) of proton
decoupling. The relaxation delay between the excitations was 10 s. All
intensities are normalized to the number of accumulations and to the
weight of the sample to allow for quantitative estimates of the ratios of
different carbon sites. Scanning electron microscopy (SEM) imaging was
performed using Zeiss Ultra 55 with in-lens secondary electron detection
at a 4 kV accelerating voltage.

Dynamic light scattering (DLS). The hydrodynamic diameter,
particle size distribution, and zeta potential of the ND aggregates sus-
pended in water and PBS were measured using ZetaSizer Nano S (Mal-
vern Instruments) with He-Ne laser (633 nm, 10 mW) in back-scattering
geometry (¢ = 173°). The data obtained was processed using Malvern
DTS Software 7.11. Before the measurements, the samples were soni-
cated in TORBEO® 36810 Ultrasonic Cell Disruptor for 90 s (2 x 45 s) at
8 W effective radiated power for sonication. Suspension on NDs can be
followed visually, see Supplementary S10 online.

MDCK assay double-well experiment. The Madin-Darby Canine
Kidney (MDCK) assay was used to evaluate the diffusion through the
MDCK cell membrane [87]. The cells were seeded on a polycarbonate
membrane (1.12 cm? area with 3 pm pores) of the 12-well plates with 12
mm inserts. The apparent permeability coefficient (P,pp) was calculated
from Eq. (1):

dc v,
PapD: <E> . (A i Co) (€D)

A - area of the well/cell monolayer; dC/dt - rate of permeation; V; -
volume of the receiving compartment; Cy - initial concentration of a
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tested compound. The tightness of MDCK monolayer was assessed by the
permeability of fluorescein isothiocyanate (FITC) in concentration 0.4
mg/mL. Monolayer integrity was confirmed after each experiment, by
ensuring that FITC level in the acceptor compartment did not surpass 1
% of its initial concentration in the donor compartment after 6 h.

HUVEC and MDCK assays for cell internalization studies. Pooled
human umbilical vein endothelial cells (HUVEC) (200P-05 N) were
cultured in Endothelial Cell Growth Medium (211-500), both from Cell
Applications, Inc., passages between 3 and 6 were used. 7.5x10* cells
were plated for each experiment onto gelatin-coated coverslips (0.2 %
gelatin, G1393-20 ML, Sigma). Astrocyte conditioned medium (1811,
ScienCell Research Laboratories, Inc.) mixed 50:50 with Endothelial Cell
Growth Medium was used to stimulate cell-cell junction formation.
MDCK cells (84121903-1VL, Sigma-Aldrich) were cultured in Minimum
Essential Medium (MEM) (15-010-CV, Corning®) supplemented with
10 % fetal bovine serum (FBS, Merck®). After forming confluent cell
layers, NDs were added in 10, 50, or 100 pg/mL concentrations. Cells
were incubated at 37 °C, 5 % CO; for 1, 3 or 24 h, followed by washing
with PBS and fixation. CytoSMART cell counter (Corning™) was used
for cell counting. Immunocytochemistry methods used for cell inter-
nalization studies are detailed in Supplementary S6 online.

Imaging and image analysis. The functionalized nanodiamonds
ND-Al, ND-A2, and ND-A3 show bright green fluorescence, see Sup-
plementary Fig. S9 online, when irradiated with ultraviolet light source
with wavelength 254 nm and, in contrast to ND-COOH, can be suc-
cessfully imaged by means of fluorescent and confocal microscopy. ND-
treated stained cells were analyzed with confocal microscope Zeiss LSM
510 DUO using 63x/1.4 oil immersion objective and point scanning Ar
lasers at wavelengths 488, 561 and 405 nm. Optical sectionals were
acquired using sequential unidirectional scanning. Images were
analyzed with Fiji ImageJ program [88] and Bitplane Imaris (Oxford
Instruments) was used for 3D rendering and sectional view.

AChE reactivation assay. Reactivation potency of the oxime-
grafted NDs and known reactivators pralidoxime, 4-PAM, methoxime,
obidoxime, and asoxime was evaluated using human recombinant
AChE. The enzyme was inhibited in phosphate buffer by GB (1 puM, 33
min), POX (1 pM, 45 min), and VX (0.1 pM, 45 min) dissolved in propan-
2-ol. The concentrations and times were chosen to achieve complete
enzyme inhibition. The excess of inhibitor was removed using
octadecylsilane-bonded silica gel SPE cartridge. The inhibited AChE was
incubated for 10 min with a reactivator solution (suspension) at 37 °C.
Then the reaction was initiated by adding acetylthiocholine and AChE
activity was measured spectrophotometrically at 412 nm, following the
modified method of Ellman et al. [89], detailed previously [26,90,91].
Each concentration of reactivator was assayed in triplicate. The data
from these assays were used to calculate reactivation potency R (Eq.
(2)), corrected for oximolysis and inhibition of AChE by the reactivator.

_ A4y — A4, 0
R—<17m> x 100 [%)] 2)

R - reactivation potency; AAg - absorbance change by intact AChE
(propan-2-ol); AA; - absorbance change by AChE after exposure to OP
compounds.

In vitro cell viability assessment. The standard MTT assay (Sig-
ma-Aldrich) was used according to the manufacturer’s protocol on the
CHO-K1 (Chinese hamster ovary, ECACC, Salisbury, UK). The cells were
cultured according to ECACC recommended conditions and seeded at a
density of 8000 per well as described previously [92]. The tested com-
pounds were dissolved (or dispersed in case of nanocarriers) in the F-12
growth medium. Cells were exposed to a tested compound for 24 h. Then
the medium was replaced by a medium containing 10 pM of MTT and
the cells were allowed to produce formazan for 3 h under surveillance.
Thereafter, the medium with MTT was removed, crystals of formazan
were dissolved in DMSO (100 pL), and cell viability was assessed spec-
trophotometrically by the amount of formazan produced, which was
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determined spectroscopically. Absorbance was measured at 570 nm
with 650 nm reference wavelength on Synergy HT (BioTek, USA).
Half-maximal inhibitory concentration (ICso) was calculated from the
control-subtracted triplicates using four-parameter non-linear regres-
sion carried out in GraphPad Prism 5 software.
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Abstract

Sulfonylated 5-piperazine-substituted 1,3-oxazole-4-carbonitriles were synthesized and
evaluated for in vitro anticancer activity. Cytotoxicity was assessed in hepatocellular
(HepG2, Huh?), breast (MCF-7, MDA-MB-231), cervical (HeLa), melanoma (M21), and
neuroblastoma (Kelly, SH-SY5Y) cell lines, with HEK293 cells used as a non-malignant
control. Compounds 7a, 7b, and 8aa emerged as lead structures. Notably, compound 7b
showed the highest activity in Kelly neuroblastoma cells (IC5 = 1.3 uM) while exhibiting
low cytotoxicity toward HEK293 cells (ICsp > 10 uM), indicating an improved selectivity
profile relative to doxorubicin. In silico molecular docking suggested favorable interac-
tions of the lead compounds with several cancer-associated proteins, with the highest
predicted affinity observed for Aurora A kinase, along with additional predicted inter-
actions with cyclin-dependent kinases. Predicted ADMET properties of compounds 7a,
7b, and 8aa compared favorably with doxorubicin, although the lead compounds were
not readily biodegradable under OECD 301D conditions. Overall, these findings identify
oxazole-4-carbonitriles as promising anticancer candidates with a putative kinase-directed
mechanism of action.

Keywords: oxazole; cancer; kinase; anticancer drugs; doxorubicin

1. Introduction

First reported in 1917, oxazoles became important after the discovery of peni-
cillin antibiotics [1]. Structurally, oxazoles are planar, sp>-hybridized five-membered
rings with oxygen at position 1 and nitrogen at position 3, separated by carbon; see
Figure 1 center. Their structure is isomeric to furan and pyridine. The electronic properties
of oxazoles affect their reactivity, including participation in electrophilic and Diels-Alder
reactions. Compared to pyridine, oxazoles are less resistant to oxidation, but more stable in
acid and at elevated temperatures [2], facilitating their use in organic synthesis and drug
development [3]. Their aromatic structure allows for substitutions at C-2, C-4, and C-5
to tune electronic, steric, and lipophilic properties. Oxazoles act as bioisosteres of amide
or peptide bonds, enabling hydrogen bonding and molecular recognition, and serve as
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drug-development building blocks via oxygen- and nitrogen-mediated interactions with
enzymes and receptors [3].

Diverse
phisico
chemical

properties

Marketed
oxazole
drugs

Naturally
available

Structural Hete-ro
analogs cyclic
available compound

Biologically
active

Figure 1. Key features and applications of oxazoles.

1,3-Oxazoles inhibit enzymes, block receptor activity, or interfere with microbial
biosynthesis, supporting use as anticancer, antiviral, anti-inflammatory, and antibacte-
rial agents; see Figure 2 [4]. Oxazole-containing drugs have been shown to demon-
strate anticancer activity against multiple cancer types. Tivozanib, for example, binds
the ATP-binding site and regulatory domain of VEGFR2, blocking autophosphorylation
and signal transduction [5]. Also, the sulfonyl and cyano groups [5], and the piperazine
moiety are present in various clinically used anticancer drugs: Prexasertib (Chkl and
Chk?2 inhibitor) [6], Olaparib (PARP inhibitor) [6], Palbociclib (selective inhibitor of the
cyclin-dependent kinases CDK4 and CDKG®) [7], and Navitoclax (Bcl-2 inhibitor) [8] are
the examples.

FDA- approved oxazole-containing drugs

Y“ﬂz F ) ]V Ti;( 3\/@<ﬂ
o) °

Linezolid Metaxalone
Zyvox®, Pfizer, Skelaxin®, King Pharmaceuticals,
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wa“U O w

Furazolidone Oxaprozin

® .
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later withdrawn in many countries

Figure 2. Clinical use of 1,3-oxazole-based drugs [2].
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Cancer is the second leading cause of death worldwide. In 2018, it was responsible
for nearly 9.6 million deaths and about 18.1 million new cases [9]. According to the 2025
report, cancer causes about 2.04 million new cases and 618 000 deaths each year in the
United States, reflecting a rise among younger adults and women [10]. Kinase signaling
is central in sustaining oncogenic development [11]. Thus, oxazoles are used in kinase
inhibitor design, being potent inhibitors of class III receptor tyrosine kinases such as FLT3
(wild-type and mutant), FLT4, and c-KIT, with demonstrated activity in non-small-cell
lung cancer [12]. Cyclin-dependent kinases (CDKs) regulate cell-cycle progression and
transcription; however, high conservation of the ATP-binding site limits inhibitor selec-
tivity [13]. The oxazole-based CDK?7/9 inhibitor SNS-032 blocks RNA polymerase II
phosphorylation, inducing transcriptional shutdown and cell death [14,15]. Oxazoles also
target histone deacetylases 2 and 6) [15], poly(ADP-ribose) polymerase-2 (PARP-2) [16],
and matrix metalloproteinases MMP-2 and MMP-9 [17], with antiproliferative effects in
cervical, hepatocellular, breast, melanoma, and neuroblastoma cancers.

Cancer growth is associated with oncogene overexpression [18] and tumor suppressor
inactivation [19], with MYCN amplification occurring in 20-25% of cases and correlat-
ing with aggressive disease [20]. N-MYC, one of three MYC subtypes proteins (C-MYC,
L-MYC, and N-MYC), encodes a transcription factor [21] that regulates cell cycle, growth,
apoptosis, DNA repair, metabolism, and immune response [22]. The stability of MYC
protein is controlled by phosphorylation at the conserved MBI sequence, which directs
proteolysis and ubiquitination [23]. Dephosphorylation of N-MYC at Ser62 by protein
phosphatase 2A allows the SCF-FbxW7 E3 ubiquitin ligase to add a K48-linked ubiquitin
chain [24]. Aurora-A kinase blocks this process, preventing metabolic degradation via an
inhibitor-sensitive N-MYC/Aurora-A complex, leading to MYCN accumulation [25].

CD532 (ICsy = 45 nM; Figure 3, left) both inhibits Aurora A kinase activity and
promotes MYCN degradation [26]. Alisertib (MLN8237; Figure 3, center) is an ATP-
competitive Aurora A kinase inhibitor (ICsy = 1.2 nM) that disrupts cell cycle progression,
induces apoptosis, and suppresses MYCN expression [27]. CCT137690 (Figure 3, right)
is an isoxazole-containing compound that inhibits Aurora A (ICsy = 15 nM), Aurora B
(IC59 = 25 nM), and Aurora C (ICs5p = 19 nM), resulting in tumor growth inhibition in
MYCN-overexpressing neuroblastoma models. These examples illustrate the therapeu-
tic relevance of Aurora A kinase in neuroblastoma, while also highlighting the need for
structurally diverse scaffolds capable of modulating Aurora A-associated pathways. In
this study, a series of oxazole—piperazine-sulfonyl hybrids were synthesized and evalu-
ated for their in vitro anticancer activity, with a primary focus on neuroblastoma models.
Initial cytotoxicity screening identified compounds exhibiting selective activity against
MYCN-amplified Kelly and SH-SY5Y neuroblastoma cell lines while sparing non-malignant
HEK?293 cells. The most active compounds (7a, 7b, and 8aa) were further characterized by
dose-response analyses and selectivity assessment, followed by evaluation of the lead com-
pound 7b across a broader panel of human cancer cell lines, including HeLa, HepG2, Huh?,
MDA-MB-231, MCF7, and M21. To rationalize the observed biological profile, potential
molecular targets were explored using in silico docking studies, and the pharmacokinetic
properties of the lead compounds were assessed by ADME analysis.
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Inhibitors of Aurora A kinase
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Figure 3. Inhibitors of Aurora A kinase.

2. Result and Discussion
2.1. Chemistry

Previously, we synthesized and studied sulfonyl derivatives of oxazole, which demon-
strated significant antitumor activity. In our study several 5-arylsulfonyl-1,3-oxazole-
4-carbonitriles exhibited high activity on the CNS cancer cell line [26]. In particular,
the compound 2-(4-fluorophenyl)-5-(toluene-4-sulfonyl)-1,3-oxazole-4-carbonitrile demon-
strated growth inhibition against glioblastoma cells SF-268 (Gls5g = 4.61uM) and SF-539
(GIs5p = 2.44 uM) and indicate low cytotoxicity with values LCsy >100 uM. Therefore, the an-
ticancer activity of sulfonyl derivatives of 2-phenyl-4-cyano-1,3-oxazoles can be improved
by inserting a piperazine moiety having multiple biotargets.

Synthesis of the target 5-(piperazin-1-yl)oxazole-4-carbonitriles 2a-2c¢ and
3aa-3ce was carried out as follows (Scheme 1). First, the appropriate 2-acylamino-3,3-
dichloroacrylonitriles I were dissolved in anhydrous THF, in the presence of triethylamine,
and then Boc-protected piperazine was added, and the reaction mixture was stirred at
20-25 C for 48h. To remove the Boc-protecting group, the intermediate products IA were
dissolved in dioxane, and hydrogen chloride gas was bubbled through the solution for
30 min. The reaction mixture was then left to stand for 24h. With the corresponding
5-(piperazin-1-yl)oxazole-4-carbonitrile hydrochlorides (2a-2c) in solution 1,4-dioxane,
triethylamine was added, followed by the appropriate sulfonyl chloride. The reaction
mixture was stirred and refluxed for 8h. The final products 3aa-3ce were purified by
recrystallization from EtOH.

CN . CN
HN HN__ N-Boc N
R' J\§70| 14 ‘&
_QO EtsN, THF, 20°C, 48h R/Qo N
Cl \\/N\Boc
[ o IA
0, HCl |
¢ 20°C, 3-5h
N . CN
N R?S0O,CI, 2Et;N

2a-2¢ 3aa-3ce

R'=Me, 4-MeCgH,, thiophen-2-yl; R?=Me, Ph, 4-MeCgH., 4-CICgH,, 4-MeOCgH,

Scheme 1. General procedure for the synthesis of 5-(piperazin-1-yl)oxazole-4-carbonitrile hydrochlorides 2a-2c
and 5-(sulfonylpiperazin 1-yl)oxazole-4-carbonitriles 3aa-3ce; the starting 2-acylamino-3,3-dichloroacrylonitriles
are designated as (I), their Boc-protected piperazine derivatives are designated as (IA).
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The structure-synthesized compound 2a—2c and 3aa-3ce is shown in Figure 4.

CN CN CN
NAS\ N
\ gt g
Me/qo N /O/Qo N ® { o N )
\\/NH HCI \\/NH HCI \\/NH HCI
2a 2b 2c
CN CN CN
5l nl 5
\ \
Me/ko N /@/40 N ® N T o
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aa d Me 3ba g Me 3ca g Me
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o\
(0]
\\/ 'S \\/ S S \\/ 'S
3ae o \©\ 3be o \©\ 3ce o \©\
OMe OMe OMe

Figure 4. Structure of compounds 2a-2¢ and 3aa-3ce.

The target 5-(piperazin-1-ylsulfonyl)oxazole-4-carbonitriles were synthesized accord-
ing to the procedure (Scheme 2). The corresponding 2-acylamino-3,3-dichloroacrylonitriles I
were used as starting materials. Their reaction with an excess of NaSH in methanol solution
led to cyclization, yielding substituted 5-mercaptooxazoles II. Alkylation of compounds
2 with benzyl chloride in ethanol in the presence of triethylamine afforded substituted
1,3-oxazoles 3 bearing a benzylthio group at position 5 of the oxazole ring. Oxidative
chlorination of compounds III in aqueous acetic acid at 0-5 °C produced 2-aryl-4-cyano-1,3-
oxazole-5-sulfonyl chlorides IV. Reaction of these intermediates with 1-phenylpiperazine
in dioxane in the presence of excess triethylamine gave the corresponding 2-aryl-5-(4-
phenylpiperazin-1-yl)sulfonyl-1,3-oxazole-4-carbonitriles 5a, 5b (Scheme 2).

CN CN
) _ NaSH.HCI 1&1 _ BnCLEGN _ 1&&
o o ' ChioH.20°C. 30 |R SH| EtoH, 80°C, 2-3h R'" o~ ~SBn
| m
Cly, ACOH, HZO
l 0-5°, 1h

S‘CI 2Et3N, 100°C, 2-3h 4
v R' = Ph, 4-MeCgH, 5a-b \©

Scheme 2. Synthesis of 2-aryl-5-(4-phenylpiperazin-1-yl)sulfonyl-1,3-oxazole-4-carbonitriles

R1Ai o O HN N@ R1A1 ”\N/\\
\\/N

5a, 5b. The starting 2-acylamino-3,3-dichloroacrylonitriles are designated as (I); corresponding
5-mercaptooxazoles are designated as (II); corresponding 5-(benzylthio)-substituted 1,3-oxazoles
are designated as (III); corresponding 2-aryl-4-cyano-1,3-oxazole-5-sulfonyl chlorides are
designated as (IV).
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Next, the substituted 4-cyano-1,3-oxazole-5-sulfonyl chlorides 4 with Boc-piperazine
gave the corresponding Boc-protected sulfonamides 6. Passing gaseous HCI through a
dioxane solution of sulfonamides 6 resulted in the removal of the Boc protecting group
and the formation of sulfonamide hydrochlorides 7a, 7b. Finally, the reaction of these
compounds with the corresponding sulfonyl chlorides yielded sulfonamides 8aa—8bd,
containing two sulfonyl groups connected by a piperazine linker (Scheme 3) and structure-
synthesized compound 7a-7b and 8aa—-8bd shown in Figure 5.

0 HNuN Boc, Et;N N Jd 0 Hel_ Nio
R“Qis‘ 5 1000 o RIS \ ﬁ o R S
ClQ_ 0 100°C, 2-3h () N 20035h o0~ SN
6 o _N<goe O L_NHHCI

R?S0,CI, 2Et;N
0 0,100°C, 2-3h
—

11\1”
R ‘N/\\N 0
\\/ ~S \R2
8aa-8bd S R' = Ph, 4-MeCgHs R = Me, Ph, Tol, 4-MeOCgH,, CICeHs

Scheme 3.
carbonitriles 8aa—8bd.

Synthesis of 5-[4-(arylsulfonyl)piperazin-1-yl]sulfonyl-2-(4-aryl)-1,3-oxazole-4-

CN CN

/—\X\,, )\ 9
o & NH HC © é’S\N NH *HCl
7a \\/ 7b \\/
CN CN

N N

O e g Pone gy,

8aa o “S~Me 8ba (2 “S-Me

CN CN

Figure 5. Structure of compound 7a-7b and 8aa-8bd.
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The structure of the compounds 2a-2¢, 3aa-3ce, 5a-5b, 7a-7b and 8aa-8bd was
confirmed using the 'H, 13C NMR and FTIR spectroscopy, and elemental analysis (see
Supporting Information Figures S1-S96b).

2.2. Biology (In Vitro)

To evaluate the anticancer potential of the synthesized compounds, preliminary cy-
totoxicity was conducted at a fixed concentration of 2.5 uM using the WST-1 assay in a
neuroblastoma Kelly cells and non-malignant human embryonic kidney cell line HEK293,
shown in Figure 6. An initial cytotoxicity screening was designed to assess both anticancer
activity and selectivity of the synthesized compounds. The screening was performed at a
fixed concentration of 2.5 uM using the WST-1 assay in neuroblastoma Kelly cells, repre-

senting a malignant model, and non-malignant human embryonic kidney HEK293 cells as
a control (Figure 6).

HEK293

FrAk
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= 1004
Z
8
8
>
50
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S AP 09 9 PP F PP 3909 B9 P B0 S PP AP RO @ PP F R PP F TSP
& A AP AP A0 AP 0P 0P o R ol nl nC n FELETLFTE R F Ko™
[
(A)
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\ .
\
\
|
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= 1004
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50+

P 3 0% P, P E R PP Do Do® A RO @ PP O S P D PR, S o
Q\@'V B PP P P P PP oo A0 & "%”’s’%"’%”?@@'&é@a@&*
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Figure 6. Cytotoxic effects of all compounds at 2.5 uM after 48 h incubation assessed by WST-1 assay.
Cell viability data on HEK293 cells (A) and Kelly cells (B) with doxorubicin (green) as a negative
control. The lead compounds are shown in color: 7a (blue), 7b (red), and 8aa (orange). In both panels,
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7a HEK293 7b HEK293

data of the cells treated with solvent are used as control (100% viability, n > 3); mean = SD. Statistical
significance between control and cells are represented as * where p < 0.05; as **** where p < 0.0001.

Neuroblastoma Kelly cells exhibited pronounced sensitivity to a subset of the syn-
thesized compounds, with compounds 7a, 7b, and 8aa inducing a marked reduction in
cell viability. At a concentration of 2.5 uM, treatment with these compounds resulted in
mean viability values below 25%. In contrast, non-malignant HEK293 cells maintained
high viability upon exposure to most of the tested compounds, with more than 75% of
compounds displaying viability values above 80% (Figure 6). This differential response indi-
cates selective cytotoxicity toward neuroblastoma cells and provides a rationale for further
dose-dependent evaluation of compounds 7a, 7b, and 8aa. Such selectivity is particularly
relevant in the context of neuroblastoma, where therapeutic resistance and treatment-
related toxicity remain significant challenges. To characterize the cytotoxic potency of
the most active candidates, compounds 7a, 7b, and 8aa were evaluated in concentration-
dependent studies following 48 h exposure in Kelly and SHSY5Y neuroblastoma cells, as
well as in non-malignant HEK293 cells. Half-maximal inhibitory concentrations ICs, values

were determined by nonlinear regression analysis of WST-1 absorbance data at 450 nm, as
shown in Figure 7A-I.

[o]

8aa HEK293
150 150 150
IC5y=16.43uM . ] 1Cq=11.46 M . IC55=16.12pM
32 100 2 = 100 5 = 100+ 3
= R*=0.9965 > R*=0.9910 > R*=0.9479
g g £ £ f;
3 + 2 3
> 80 . > 50 £ 504
b
R ~4 ] Y3
T T T T T T T T T T T T T T T T 11
P PSP RES PSS S & S P & ® @ o § P P SIS )
PN SN N N PPN PP S P e ,a"“,n'-” FP LS R o
Log concentration [uM] Log concentration [pM] Log concentration [uM]

@ 7a Kelly

[m]
[™]

b Kelly 8aa Kelly
150 150 150
- 1C50=1.697uM 1Gsp=1.283uM . b IC50=1.491uM
3 100 = 100 = 100 *
El R?=0.9987 Z R?=0.9990 F - R*=0.9966
s 50 s 50 s 50
s e
T T | L | o T T T T T T T T
) 6 ¢> P o P & & S H $ 6> S Ao S PP
é’ o" ¢,°« :9 e,,;) oS Q«?ng@hw CRCIIR R o8 SRS RSO SR IR S
Log concentration [uM] Log concentration [UM] Log ‘concentration [uM]
)
7a SHSY5Y 7b SHSY5Y 8aa SHSY5Y
150: 150-‘
IC50=5.102uM IC50=3.416M IC50=5.380uM
= 100; % ) = 100 N = 100; N
- \%\ R?=0.9440 K R?=0.9802 5 B R2=0.9943
. 3 3
> S 50 S 50
\. i\i \}\
s —4-3
LI B e s B e | —T T T T T T T T 11 T L e
o & ¢ & @ ° § © e o © S PSP 6» K ) q
»v:“’“m PRI IR KN oS g TP S ,j:“,\'\ & 5B P S F L Kl
Log concentration [uM] Log concentration [uM] Log concentration [uM]

Figure 7. ICsy graphs for 7a, 7b, 8aa in HEK cells (A—C) Kelly cells (D-F) and SHSY5Y cells
(G-I) after 48 h incubation assessed by WST-1 assay; mean (n > 3) £ SD.
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Neuroblastoma Kelly cells (see Figure 7D-F) exhibited pronounced sensitivity to the
lead compounds, with ICsj values of 1.7 uM for 7a, 1.3 uM for 7b, and 1.5 uM for 8aa. In
contrast, SHSY5Y cells (Figure 7G-I) displayed reduced sensitivity, with ICs, values ranging
from 3.4 to 5.4 uM, indicating variability in response among neuroblastoma models. Such
differences may be associated with distinct genetic backgrounds, metabolic profiles, or cel-
lular uptake mechanisms known to differ between neuroblastoma cell lines. Importantly, all
three compounds showed low cytotoxicity in non-malignant HEK293 cells (Figure 7A-C),
with ICs) values exceeding 10 uM. This differential activity profile demonstrates selective
cytotoxicity toward neuroblastoma cells and suggests a favorable therapeutic window
for compounds 7a, 7b, and 8aa. To benchmark the cytotoxic potency of the lead com-
pounds, their activity was compared with that of doxorubicin, a clinically established
chemotherapeutic agent used in the treatment of solid tumors, including neuroblastoma.
The ICsg values of doxorubicin were determined in both neuroblastoma Kelly cells and
non-malignant HEK293 cells under identical experimental conditions (Figure 8A,B).

Doxorubicin HEK293 Doxorubicin Kelly
100 1004
r\—\_‘{\
. ) C5o=2.142 uM . I 'Y ICsp=1.339 pM
= =
: 2 5 R?=0.9956
- R?=0.9956 £ 50
= E-3
© -3
2 \§\ 2
3 R \i\ _
0 1 T T T T 1 T T T T 1 1 - T T T T 1 T T T T T T 1
SO PRP RO P DR P LN LRPRNOCRDRPOOP
I ,a"\ »‘? p‘} o oV o g A WA VS A® »'.\ ,e(? PNEN RN PSRRI
Log concentration [uM] Log concentration [pM]

Figure 8. IC5) graphs for doxorubicin in HEK293 cells (A) and Kelly cells (B) after 48 h incubation
assessed by WST-1 assay; mean (n > 3) £ SD.

In Kelly cells, doxorubicin exhibited an ICsy of approximately 1.3 uM, comparable to
that observed for compound 7b. In contrast, doxorubicin showed pronounced cytotoxicity
in non-malignant HEK293 cells, with an ICs5p of 2.1 uM, indicating limited selectivity
toward malignant cells. By comparison, compound 7b retained comparable potency in
neuroblastoma cells while displaying substantially reduced cytotoxicity in HEK293 cells.
This differential activity profile highlights the improved selectivity of compound 7b and
suggests a more favorable therapeutic window relative to doxorubicin.

To assess whether the observed cytotoxic activity of compound 7b extends beyond
neuroblastoma, its potency was further evaluated across a panel of human cancer cell lines,
including hepatocellular carcinoma (HepG2, Huh?), breast cancer (MCF7, MDA-MB-231),
cervical cancer (HeLa), melanoma (M21), and neuroblastoma (Kelly, SHSY5Y) (Figure 9).

As shown in Figure 9, compound 7b demonstrated micromolar ICsy values
(1.3-9.1 uM) across all cancer lines tested, with the most pronounced sensitivity observed
in Kelly, SHSY5Y and M21 cells. This broad cytotoxic activity suggests that compound
7b may interfere with fundamental cellular pathways such as cell cycle regulation or apop-
totic signaling that are commonly dysregulated across multiple tumor types. These findings
indicate that the anticancer activity of compound 7b is not restricted to neuroblastoma and
may involve shared regulatory pathways across multiple tumor types.
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Figure 9. IC5) graphs for 7b in various cancer cell lines after 48 h incubation assessed by WST-1 assay;
(A) MCF7; (B) MDA-MB-231; (C) HeLA; (D) M21; (E) HepG2; (F) Huh7; mean (n > 3) £ SD.

2.3. Selectivity Index

To assess the therapeutic window and tumor-targeting selectivity of the synthesized
oxazole derivatives, the selectivity index (SI) was calculated as the ratio of IC5 values in
non-malignant HEK293 cells to those in malignant neuroblastoma cells (Kelly and SHSY5Y).
Compounds 7a, 7b, and 8aa demonstrated pronounced selectivity toward neuroblastoma
cells. Specifically, compound 7b exhibited an ICsj of approximately 1.3 uM in Kelly cells
and >10 uM in HEK?293 cells, yielding an SI > 7.7. Compound 7a showed an ICsj of ~1.7 uM
in Kelly cells and >10 uM in HEK293 cells, corresponding to an SI > 5.9, while compound
8aa displayed an ICsp of ~1.5 uM in Kelly cells and >10 uM in HEK293 cells, resulting
in an SI > 6.7. In contrast, the reference chemotherapeutic agent doxorubicin exhibited
limited selectivity, with ICsy values of ~1.3 uM in Kelly cells and ~2.1 uM in HEK293 cells,
yielding an SI of approximately 1.6. Overall, these results highlight the markedly improved
selectivity profile of compounds 7a, 7b, and 8aa relative to doxorubicin and support their
further investigation as neuroblastoma-selective anticancer agents.
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2.4. Biodegradability

Active pharmaceutical ingredients (APIs) and their metabolites/transformation prod-
ucts are found as pollutants in the environment, impacting human and environmental
health. Designing APIs with high biodegradability is desirable but there is no clear agree-
ment on how to implement these criteria in practice [27].

In the CBT, the term “readily biodegradable” refers to those that pass the test with 60%
or higher degradation, indicating they will biodegrade rapidly and completely in aquatic
environments under aerobic conditions. The CBT experiments were run for 28 days; each
day the oxygen concentration was measured and logged for each of the duplicates in the
series. The three compounds 7a, 7b, and 8aa did not show any significant biodegradation
as the biodegradation % of all the three compounds after 28 days is only 5-10% and did
not pass readily biodegradability test. The graphs are given on Figure 597.

Low biodegradability is caused by either toxicity of the studied compounds to the
inoculum bacteria or their persistence under experimental conditions. The oxazoles 7a, 7b,
and 8aa demonstrated relatively low toxicity against the healthy cells and did not affect
the toxicity control in the CBT (see Figure S97) confirming they remain chemically intact
under CBT conditions. Indeed, environmental (bio)degradability helps in designing hit
compounds that resist breakdown by enzymes in the human body yet finding a ‘window
of opportunity’ where such hits are both metabolically stable enough and environmentally
biodegradable remains a challenge [27,28].

2.5. Molecular Modeling

Consistent with our previous investigations [29-31] and supported by the experimen-
tal results obtained herein, compounds 7a, 7b, and 8aa were selected as lead candidates for
molecular docking studies, using three-dimensional structures obtained from the RCSB
Protein Data Bank [29], where the following protein crystal structures were used: anaplastic
lymphoma kinase in complex with Crizotinib—ALK (PDB ID: 2XP2); cyclin-dependent
kinase series CDK2 (PDB ID: 3QXO), CDK4 (PDB ID: 75]J3), CDK6 (PDB ID: 810M), CDK7
(PDB ID: 1UA2), CDKO9 (PDB ID: 6Z45), as well as the checkpoint kinase 1—CHK1 (PDB ID:
1ZYS), apoptosis regulator BCL2 (PDB ID: 4LVT), Aurora-A kinase in complex with N-Myc
(PDB ID: 5G1X) and poly[ADP-ribose] polymerase 1 PARP1 (PDB ID: 6I8T). First, molecular
docking techniques were validated using redocking co-crystallized ligands into the proteins
using docking scores from AutoDock Vina v1.2.5 program (reported as estimated binding
free energies, AG, in kcal/mol). Next, molecular docking of 7a, 7b, and 8aa was done, and
the results are presented in Table 1 and Figure 10.

Table 1. The molecular docking results of ligands 7a, 7a, and 8aa with cancer-related proteins, along
with the redocking outcomes.

Compounds Binding Energy, AG, kcal/mol
d
Li;n ds ALK  CDK2 CDK4 CDKé CDK7 CDK9 CHKI  BCL2 Al\‘]‘rg’dr; é\/ PARP1

7a -71 79 90  -80 -85  -80 -89  -74 ~10.8 -8.1

7b -72 -81 90  -82  -91  -82  -87  -78 ~10.9 -84

8aa -75  -80  -91  -81  -90  -87  -91  -80 ~108 -83
Crizotinib —9.0 - - - - - - - - -
CID 57519664 ° - -82 - - - - - - - -
Abemaciclib - - -9.1 - - - - - - -
CID 169552807 ® - - - —9.2 - - - - - -
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Table 1. Cont.
Compounds Binding Energy, AG, kcal/mol
and Aurora A/
Ligands ALK CDK2 CDK4 CDK6 CDK7 CDK9 CHK1 BCL2 N-MYC PARP1
ATP © - - - - —-9.3 - - - - -

CID 124155204 4 - - - - - —9.0 - - - -

CID 6914568 © - - - - - - —94 - - -
Navitoclax - - - - - - - —11.5 - -
ADPf - - - - - - - - —10.9 -

CID 49873226 8 - - - - - - - - - —8.8
Co-crystallized ligands [30]: @ 5-nitro-2-[(4-sulfamoylphenyl)methylamino]benzamide; b 2-[(4-aminocyclohexyl)amino]-7-
cyclopentyl-N,N-dimethylpyrrolo[2,3-d]pyrimidine-6-carboxamide; ¢ Adenosine 5'-triphosphate; d (1S,3R)-3-acetamido-
N-[5-chloro-4-(5,5-dimethyl-4,6-dihydropyrrolo[1,2-b]pyrazol-3-yl)pyridin-2-yl]cyclohexane-1-carboxamide; ¢ N-[5-[4-
(4-methylpiperazin-1-yl)phenyl]-1H-pyrrolo[2,3-b]pyridin-3-yl]pyridine-3-carboxamide; f adenosine 5'-diphosphate;
8 (IR)-2-(1-cyclohexylpiperidin-4-yl)-1-methyl-3-oxo-1H-isoindole-4-carboxamide.

ALK CDK2 CDK4 CDK6 CDK7 CDK9 CHK1 BCL2 Aurora A PARP1

Binding energy, AG, keal/mol

-12

-11.5

Figure 10. A demonstration of molecular docking results of ligand 7b with neuroblastoma-associated
proteins; blue—compound-7b; green—co-crystallized ligands.

Table 1 shows molecular docking validation by redocking co-crystallized ligands
into the active sites of the target proteins: ALK kinase, as well as cyclin-dependent
kinases CDK2, CDK4, CDK6, CDK7, CDK9, and CHKI1 kinase, BCL2 and Aurora
A kinase, and polymerase PARP1. The registered binding energies (AG) for these
protein-ligand interactions varied from —8.2 to —11.5 kcal/mol, and RMSD values were
1.01-2.33 A. According to the results of molecular docking, the most stable protein-ligand
complexes of compounds 7a, 7b, and 8aa were observed for the Aurora A kinase, with
values of AG ranging from —10.8 to —10.9 kcal/mol. Molecular docking of these com-
pounds into the other proteins did not show high complexation energies AG (from —7.2 to
—9.1 kcal/mol). Notably, the studied compounds exhibit predicted binding affinities
within the ATP-binding sites of several kinases, as reflected by their calculated binding
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free energies (AG = —7.9-9.1 kcal/mol) in the ATP-binding centers of cyclin-dependent
kinases (CDK2, CDK4, CDK6, CDK7, and CDK9), which is comparable to the redocking
energy of ligands (AG = —8.2-9.3 kcal/mol). The low energy of the complexation was
demonstrated by ALK kinase (AG = —7.1 to —7.5 kcal/mol) and the apoptosis regulator
BCL2 (AG = —7.4 to —8.0 kcal/mol). Thus, the most energetically favorable complexation
for the studied compounds was found to occur in the ATP-binding site of the Aurora A
kinase, with a AG value of —10.8 to —10.9 kcal/mol, which is equal to the binding energy of
adenosine 5'-diphosphate (ADP) with AG = —10.9 kcal/mol. This observation is consistent
with the literature. First-generation Aurora A inhibitors are ATP-competitive molecules,
many of which have progressed into different stages of clinical evaluation [31]. Successful
piperazine-containing Aurora A kinase inhibitors include ENMD-2076 [32] and VX-680 [33],
both evaluated in clinical studies. Next, we studied the molecular docking of compounds
7a, 7b, and 8aa into the ATP-binding site of Aurora A kinase (Figure 11).

Figure 11 illustrates the result of the molecular docking of compounds 7a, 7b, and
8aa into the ATP-binding site of Aurora A kinase. The complexation of compound 7a
(Figure 11a,b) with a binding energy of AG= —10.8 kcal/mol is stabilized by three hydro-
gen bonds; two hydrogen bonds formed between the carbonitrile group of compound
and amino acids Asp274 (2.68 A) and Lys162 (2.17 A), and one bond present between
the piperazine moiety and the amino acid residues Lys141 (2.22 A). This ligand—protein
complex is also stabilized by three electrostatic interactions between the compounds’ sul-
fonyl group, the amino acid Lys162 (4.04A), and the cofactors Mg2* (4.28-4.39 A). Notably
a metal-acceptor interaction (2.57A) is formed among the cofactor Mngr and the com-
pounds’ sulfonyl group. Also, this complex is stabilized by eight hydrophobic bonds
(3.95-5.36 A) with amino acids Alal60, Lys162, Leul39, Val147, and Leu263 with bond
distances 3.92-5.08 A.

The ligand—protein complex of compound 7b (Figure 11c,d) with a binding energy
of AG= —10.9 kcal/mol is stabilized by eight hydrogen bonds; two H-bonds between
the compound carbonitrile group and amino acid residues Asp274 (2.66 A) and Lysl62
(231 A), three H-bonds between the sulfonyl group and the amino acids Lys162
(2.22-3.47 A), and Gly142 (3.48 A), and three H-bonds between piperazine ring and amino
acids—Lys141 (3.48 A), Glu260 (2.65A) and Asn (3.39 A). Also, a metal-acceptor interac-
tion (3.14 A) exists between the cofactor Mg?* and the 7b’ sulfonyl group. Furthermore,
this ligand—protein complex is stabilized by seven alkyl and Pi-alkyl hydrophobic bonds
(3.75-5.43 A) with amino acids Leu139, Val147, Lys162, and Leu263.

The 8aa ligand-protein complex (Figure 11e,f) is characterized by a binding energy
of AG= —10.8 kcal/mol and stabilized by eight hydrogen bonds. The first sulfonyl group
forms two H-bonds with Lys258 (2.45-2.48 A), and two H-bonds form between the piper-
azine ring and amino acids Asp256, Asp274 (3.38-3.42 A). The second sulfonyl group
forms one H-bond with Lys143 (2.74 A), and the oxazole forms two H-bonds with the
amino acid residues Lys143 (3.28 A) and Lys162 (2.83 A). The cofactor Mg1392 forms two
metal-acceptor interactions with the oxazole ring (2.42 A) and the second sulfonyl group
(2.62 A). Also, this ligand—protein complex is stabilized by three electrostatic interactions:
between the compounds’ first sulfonyl group and Trp277 (4.88 A); among the oxazole
ring and cofactor Mg1391 (4.03 A), and the amino acid Asp274 (3.70 A). In addition, the
ligand-protein complex is stabilized by three hydrophobic bonds (3.63-4.79 A) with amino
acids Val147 and Leu263. Thus, the molecular docking results of compounds 7a, 7b, and
8aa into the ATP-binding site of human Aurora A kinase are characterized by high binding
energy, forming multiple H-bonds, electrostatic and hydrophobic interactions, and forming
metal-acceptor interactions of compounds with Mg?* cofactors, investigating the possible
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anticancer mechanism of action of compounds 7a, 7b, and 8bb by molecular docking
demonstrates a binding model similar to the ADP molecule (Figure 12).
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Figure 11. The molecular docking features of compounds 7a, 7b, and 8aa with the ATP-binding site of
Aurora A kinase; (a,b)—compound 7a; (c,d)—compound 7b; (e,f)—compound 8aa; green—hydrogen
bonds; orange—electrostatic interactions; violet—hydrophobic interactions.
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H-Bonds
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Figure 12. The docking position of the studied compounds in the ATP-binding site of Aurora-A
kinase compared with ADP (PDB ID: 5G1X); red—ADP; blue—compound 7a; green—compound 7b;
violet—compound 8aa.

Our docking studies with the structure of Aurora-A kinase (PDB ID: 7ZTL) also
confirm this interaction model [34]. Next, the pharmacokinetic aspects of compounds 7a,
7b, and 8aa were investigated by ADMET 3.0 web tool [24].

2.6. Integrated Biology and Docking Discussion

The strong binding of the compounds 7a, 7b, and 8aa with the ATP-binding site of
the Aurora A kinase, with a AG value of —10.8 to —10.9 kcal/mol (ADP AG = —10.9
kcal/mol), is in good agreement with the literature data. First-generation Aurora A in-
hibitors are known to act as ATP-competitive agents that occupy the ATP-binding pocket,
and many representatives of this class have progressed to various stages of clinical evalu-
ation [35]. A successful example is the piperazine-containing Aurora A kinase inhibitor
(IC50 = 1.86 nM) ENMD-2076, 6-(4-methylpiperazin-1-yl)-N-(5-methyl-1H-pyrazol-3-yl)-
2-[(E)-2-phenylethenyl]pyrimidin-4-amine, which is currently in Phase I/II clinical tri-
als [36]. In the literature, a selective Aurora A inhibitor (ICsy = 0.6 nM), Tozasertib
(VX-680), N-[4-[4-(4-methylpiperazin-1-yl)-6-[(5-methyl-1H-pyrazol-3-yl)amino]pyrimidin-
2-yl]sulfanylphenyl]cyclopropanecarboxamide, is described [37].

It is also known that Aurora A kinase inhibitors bind to the ATP site and cause signifi-
cant conformational changes in the kinase structure, preventing binding to oncoprotein
N-Myc, to block the formation of the Aurora A/N-Myc complex. The formation of this com-
plex plays a crucial role in stabilizing the oncoprotein N-Myc, as key transcription factor
that regulates cell cycle progression, cell proliferation, and the metastasis of neuroblastoma.
Given the more favorable (i.e., more negative) binding energies compared to the reference
in our study, Aurora A kinase represents a plausible molecular target for these compounds.
In our opinion, the high activity of compounds 7a, 7b, and 8aa against neuroblastoma cells
Kelly expressing N-MYC is associated with their high energy of complex formation in the
ATP-binding center of Aurora A kinase, disruption of its conformation, and, as a conse-
quence, destabilization of the oncoprotein N-Myc with antimitotic and antiproliferative
action. This hypothesis is supported by the literature data, indicating the development of
specific methods for targeting Aurora A in cancer treatment, which initially concentrated

https:/ /doi.org/10.3390/ijms27041936



Int. J. Mol. Sci. 2026, 27, 1936

16 of 25

on designing various Aurora A kinase inhibitors and are currently in clinical trials [38].
Nevertheless, this proposed mechanism requires direct biochemical validation, such as
kinase activity assays or assessment of N-Myc protein stability.

In contrast to Kelly cells, SHSY5Y neuroblastoma cells do not harbor MYCN amplifica-
tion and are therefore less dependent on Aurora A-mediated stabilization of the MYCN
protein. Despite this, SHSY5Y cells remained sensitive to treatment with compounds
7a, 7b, and 8aa, albeit with moderately higher ICs, values (3.4-5.4 uM), suggesting the
involvement of additional molecular pathways. Notably, SHSY5Y cells have previously
been shown to respond to pharmacological inhibition of cyclin-dependent kinases (CDKs).
For example, the selective CDK4/6 inhibitor Palbociclib induces G1 phase arrest and sup-
presses proliferation in neuroblastoma models, including SHSY5Y [39]. Moreover, CDK7
and CDK9—key regulators of transcriptional elongation via phosphorylation of RNA
polymerase II—have emerged as therapeutic vulnerabilities, particularly in MYCN-low
or MYCN-negative neuroblastoma subtypes [40]. In agreement with this, our docking
results indicate favorable predicted binding affinities of compounds 7a, 7b, and 8aa toward
multiple CDKs, including CDK4 and CDK7 (AG = —9.0 to —9.1 kcal/mol), suggesting that
inhibition of CDK-driven cell cycle and transcriptional programs may contribute to the
observed cytotoxic effects, particularly in SHSY5Y cells.

Collectively, these findings support a broader multi-target activity profile for com-
pounds 7a-8aa, in which cytotoxicity may arise from the concurrent disruption of mitotic
regulation via Aurora A and transcriptional or cell-cycle control via CDKs. Such mul-
titargeted mechanisms are increasingly recognized as advantageous in anticancer drug
development, as they may enhance therapeutic efficacy while reducing the likelihood of
resistance, particularly in aggressive pediatric malignancies [41]. Consistent with this
interpretation, the lead compound 7b also exhibited cytotoxic activity across several non-
neuroblastoma cancer cell lines, including M21 (melanoma), MCF7 (breast cancer), and
Huh? (hepatocellular carcinoma), with ICsy values in the low micromolar range. This
pattern is characteristic of cytotoxic agents that interfere with fundamental processes such
as cell cycle progression, mitotic spindle formation, or transcriptional regulation, which are
commonly dysregulated in rapidly proliferating tumors [42].

Altogether, these results suggest that the therapeutic potential of the investigated
oxazole derivatives may extend beyond neuroblastoma and warrants further evalua-
tion in other high-proliferation tumor types. However, comprehensive mechanistic
validation—including kinase activity assays, cell-cycle analysis by flow cytometry, and
transcriptomic profiling—will be required to precisely delineate the relative contributions
of Aurora A and CDK inhibition to the observed anticancer effects [43].

2.7. ADMET Evaluation

Table 2 presents the significant ADMET properties of compounds 7a, 7b, 8aa, and
doxorubicin (to compare) as calculated using the online ADMETlab 3.0 web server.

Table 2. ADMET characteristics of compounds 7a, 7b, and 8aa in comparison with doxorubicin.

Compounds

Parameter —

7a 7b 8aa Doxorubicin
Physicochemical properties
Molecular weight, g/mol 318.35 332.40 410.48 543.525
Rotatable bond count 3 3 4 5
Hydrogen bond acceptor count 7 7 9 12
Hydrogen bond donor count 1 1 0 7
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Compounds
Parameter —
7a 7b 8aa Doxorubicin
Surface area, A2?2 127.784 134.149 157.485 222.081
logP 1.424 2.013 2.048 1.208
Water solubility, log mol/L —3.015 —2.879 —4.146 —2915
Absorption
Caco-2 permeability, 5855 547 —4851 —677
log cm/s
Inhibitor of P-glycoprotein No No Yes No
Substrate of P-glycoprotein No No No Yes
Distribution
BBB permeability * —0.822 -0.87 —1.474 —1.379
CNS permeability 2 —3.056 —2.621 —2.908 —2.846
Metabolism
CYP2D6 substrate No No No No
CYP3A4 substrate Yes Yes Yes No
CYP1A2 inhibitor No No No No
CYP2C19 substrate Yes Yes No No
CYP2C19 inhibitor Yes No Yes No
CYP2C9 inhibitor No No Yes No
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor Yes Yes Yes No
Excretion
Plasma clearance, ml/min/kg 6.379 6.382 5.762 14.244
Half-life of the drug, hour 0.821 0.686 0.793 3.774
Toxicity
Rat Oral Acute Toxicity (LD50), 2 456 2471 2491 2408
mol/kg ?
Human Hepatotoxicity ® Yes Yes Yes Yes
Max. tolerated dose (human), log 0158 0554 0,429 0.081

mg/kg/day ?

2 predicted using pkCSM web server.

The synthesized compounds exhibited acceptable physicochemical properties, in-
cluding a rotatable bond count of (3—4) and a count of hydrogen bond donors (0-1) and
acceptors (7-9). The topological polar surface area of compounds 7a, 7b, and 8aa is
127-157 A2, which is slightly lower than the doxorubicin value (222 A?). The coeffi-
cient lipophilicity (logP) of compounds is in the acceptable range (0-3 log mol/L) and is
1.424 for compound 7a and 1.208 for doxorubicin. The compounds 7b and 8aa exhibit
higher lipophilicity, with values of 2.013 and 2.048, respectively. The values of BBB per-
meability of compounds 7a (—0.822) and 7b (—0.87) are below the permissible threshold
(log BB < —1), and that of compound 8aa (—1.474) is slightly below the threshold and
equal to the corresponding value of doxorubicin (—1.379). The values of CNS permeability
for all are <3 and are considered unable to penetrate the CNS. The absorption results
show that compounds 7a and 7b are well permeable through intestinal cell membranes
(logCaco-2 > 5.15), and compound 8aa has moderate permeability (logCaco-2 = —4.815).
Compounds 7a and 7b do not interact with P-glycoprotein as a biological barrier; however,
compound 8aa might be a P-glycoprotein inhibitor. The excretion of all compounds is
estimated by plasma clearance, which ranges from 5.762 to 6.382 mL/min/kg, indicating
moderate clearance (5-15 mL/min/kg). The doxorubicin plasma clearance is 2 times higher,
amounting to 14.244 mL/min/kg. Additionally, the results of the compounds’ half-lives
are obtained, which ranges from 0.686 to 0.821 h, representing an ultra-short half-life value
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(<1h). Doxorubicin has a value of 3.774 h and is a short half-life drug. The toxicology prop-
erties of compounds 7a, 7b, and 8aa are characterized by positive hepatotoxicity (similar
to doxorubicin) and a low tolerated dose log (mg/kg/day) from —0.158 to —0.554; this
dose for doxorubicin is higher (0.081). The values of the rat oral acute toxic doses (LDs)
of compounds 7a, 7b, and 8aa are comparable to those of doxorubicin (2.4-2.5 mol/kg).
Additionally, Figure 13 illustrates the ADMET characteristics of compounds 7a, 7b, 8aa and
doxorubicin as estimated by the ADMETlab 3.0 web server.

(B Lower Limit () Upper Limit [} Compound Properties 0 Lower Limit (i} Upper Limit () Compound Properties

TPSA nRot

Mw

nHet

TPSA nRot

Figure 13. ADMET properties of compounds 7a, 7b, 8aa (by ADMETlab 3.0); (a)—compound 7a,
(b)—compound 7b, (c)—compound 8aa, (d)—doxorubicin.

3. Experimental Section
3.1. Chemicals Materials and Methods

All chemicals were used without further purification in the synthetic procedures,
including doxorubicin hydrochloride (batch WRS DR 02, was provided by Gemini
PharmChem Mannheim GmbH/Synbias Pharma AG), commercially available reagents
(Sigma-Aldrich, Taufkirchen, Germany), reagent-grade solvents (Lach-Ner, Neratovice,
Czech Republic), and deutero solvents (Eurisotop, Saint-Aubin, France). The reaction
progress was monitored using thin-layer chromatography (TLC) on silica gel 60 F254
plates (Merck KGaA, Darmstadt, Germany). Melting points (M.p.) were determined in
open capillary tubes using a Stuart SMP40 apparatus with a 2 °C/min ramp, and values
are reported in °C. NMR spectra (‘H and 13C) and 2D HSQC plots were recorded on
a Bruker Avance III 400 MHz spectrometer in DMSO-dg, with residual SO(CD3)(CD,H)
(8H = 2.50 ppm) or SO(CD3), (8¢ = 39.52 ppm) as the internal standard. HPLS analysis
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was conducted on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS G6540A Mass
Spectrometer. Elemental analysis (CHNS) was performed using a Vario Micro Cube device.
Column chromatography was performed using Macherey-Nagel Silica 60, 0.04-0.063 mm
silica gel. FI-IR spectra were recorded on a Shimadzu IRTracer-100 spectrometer (Kyoto,
Japan) using KBr pellets (1% w/w), with a resolution of 2 cm~! and detection at 254 nm.
Dichloroacrylonitriles (1a—1c) were prepared as described in the literature [26,44,45]. The
starting 4-cyano-2-aryloxazole-5-sulfonyl chlorides (see Scheme 2, structure IV) were syn-
thesized according to a literature procedure [46]; structures 7a and 7b first reported in [47]
were confirmed in this work. The synthetic procedures and spectral data of all compounds
are collected in the Supplementary Information (Figures S1-596).

3.2. Biology: In Vitro Anticancer Studies

Cell cultures. To evaluate the cytotoxicity and anticancer potential of the synthesized
oxazole derivatives, a panel of human cancer cell lines—including HeLa (cervical carci-
noma), HepG2 and Huh? (hepatocellular carcinoma), MDA-MB-231 and MCF7 (breast ade-
nocarcinoma), M21 (melanoma), and Kelly and SHSY5Y (neuroblastoma)—was employed.
These cell lines were obtained from the American Type Culture Collection. Additionally,
human embryonic kidney cells HEK293 cells were used as a non-cancerous control to
assess selectivity toward malignant cells. Cells were cultured in DMEM supplemented with
10% bovine calf serum and 5% penicillin/streptomycin, and maintained under standard
conditions (37 °C, 5% CO;). Treatments were applied 24 h after seeding, followed by a
48 h incubation with either vehicle or compound-containing medium. Cell viability was
assessed using the WST-1 assay, which quantifies mitochondrial activity through tetra-
zolium salt reduction by measuring ICs, or the half maximal inhibitory concentration in
this test against neuroblastoma cancer cell, we studied drug activity and possible cellular
pathways of action. Additionally, to learn relative efficacy and SI of the hit compounds
(7a, 7b and 8aa), as indicated by IC5), doxorubicin was used in identical experiments, espe-
cially in targeting specific tumor types. The cells were propagated in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco), supplemented with 10% bovine calf serum (Gibco) and
5% penicillin/streptomycin. All cell lines were incubated at 37 °C in a humidified 5% CO,
and 95% air atmosphere.

Cell treatment procedures. The cells were plated at a density of 2.5 x 105 cells/well
(The Countess Automated Cell Counter, Invitrogen, Bothell, WA, USA.) in 96-well plates
and incubated overnight. After 24 h of incubation, 100 pL of either fresh media or fresh
media containing diluted agents was added into each well and incubated for a further 48 h.
The experiments with addition of MeOH were used as solvent control.

Cell viability measured by WST-1. The effects of agents on the viability of cells were
determined using the cell viability assay WST-1 (Roche). WST-1 allows colorimetric mea-
surement of cell viability due to reduction in tetrazolium salts to water-soluble formazan by
viable cells. The amount of formed formazan dye correlates with the number of viable cells.
The measurements were completed 48 h after the cell treatments. The experiments, with an
addition of 5 pL of MeOH, were used as a solvent control. Five microliters per well of the
WST-1 reagent was added to 100 pL of the cell culture medium, incubated at 37 °C for 2 h,
after which the absorbance was measured at 450 nm by using a GENios Pro Microplate
Reader (Tecan Group Ltd., Grodig, Austria). WST-1 reduction correlates with the number
of metabolically active, viable cells, thus providing a quantitative readout of cytotoxicity.

Statistical analysis was performed using two-way Anova, together with Dunnett’s
multiple comparisons test. The graphs represent data from at least 3 independent experi-
ments, all performed in triplicate, as the mean + standard deviation. In the cell viability
assay, data of treated with solvent cells showed as control cells. A statistical significance
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between control and cells treated with compounds showed, where p < 0.05 is represented
as*, p <0.01 as **, p < 0.001 as ** and p < 0.0001 as ****. Statistical analysis was performed
with GraphPad Prism 9.

3.3. Molecular Modeling Methods

Molecular docking was performed using AutoDock Vina v1.2.5 program [48]. The
X-ray crystal structures of target proteins complexed with inhibitors were obtained from the
RCSB Protein Data Bank (PDB). Prior to docking, protein structures were prepared using
AutoDockTools (ADT) v.4.2 software [49], which provides a graphical user interface for
model setup. Polar hydrogen atoms were added, all atoms were renumbered, and Gasteiger
partial charges were assigned using ADT. The prepared protein structures were then saved
in PDBQT format for use in docking simulations. The 2D and 3D structures of the ligands
7a, 7b, and 8aa were generated and refined through pre-optimization using the ChemAxon
MarvinSketch v.23.11.0 software [50]. The ligand structure optimization and its energy
were minimized by the Avogadro v.1.2.0 program [51]. This procedure was performed
using the Auto Optimize tool, which employed molecular mechanics calculations to refine
the molecular geometry by minimizing the potential energy. We used the force field with
MMFF%4s, the “steepest descent” algorithm, and the default setting for “Steps per Update”
of 4. Next, the three-dimensional structures of the ligands were prepared for docking studies
using the AutoDockTools program and saved in PDBQT format for subsequent molecular
docking. Docking studies were performed using AutoDock Vina with a grid spacing of
0.375 A and a grid map ranging from 30 x 30 x 30 A to 40 x 40 x 40 A. The docking
centers were the geometric centers of the co-crystallized ligands. Under these conditions,
the optimized protein and ligand structures served as inputs for docking simulations
targeting the defined active site. The AutoDock Vina scoring function was employed
to evaluate and rank the docking poses based on their predicted binding affinities. The
docking output files were rendered and examined for key interactions between the ligands
and the amino acid residues constituting the active sites using BIOVIA Discovery Studio
Visualizer 2019 [52]. To ensure the reliability of the docking results, five to six independent
runs were performed, yielding up to nine distinct docking poses. Pose selection was based
primarily on the AutoDock Vina-predicted binding affinities (kcal/mol) and RMSD values.
Additionally, the presence and geometry of potential hydrogen bonds and electrostatic
interactions were considered.

3.4. ADMET

The online tool, ADMETIab 3.0 web server [53], was used to calculate the ADMET
properties of compounds 7a, 7b, and 8aa in comparison to Doxorubicin [54]. ADMETIlab
3.0 tool includes a multi-task DMPNN (directed message passing neural network) architec-
ture based on molecular descriptors. This approach ensures high-speed calculation and
performance for each endpoint, along with an elevated level of accuracy and robustness.
Additionally, the pkCSM web server was used to predict some ADMET properties [55].

3.5. Biodegradability Study

Biodegradability of the selected oxazoles 7a, 7b, and 8aa was determined using modi-
fied aerobic biodegradation test OECD 301D [56] known as Closed Bottle Test (CBT) [57],
usually implied as an initial screening test for organic compounds [58].

CBT setup with modifications where biological oxygen consumption is measured
with an optode oxygen sensor system using PTFE-lined PSt3 oxygen sensor spots
(Fibox 3 PreSens, Regensburg, Germany), allows measuring BOD without dispensing
it from the stock solution each time.
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Each CBT run consisted of four different series, each done in duplicates. First was
“reference series” in which readily biodegradable sodium acetate in a known concentration
(6.41 mg/L) was added to a flask of mineral medium inoculated with effluent from a
wastewater treatment plant. As sodium acetate is rapidly biodegradable it acted as a
reference and control for monitoring activity of microbes in the inoculum [59]. In the
test series a studied compound as a sole source of carbon was added to the inoculated
mineral medium. The test compound was added in a concentration corresponding to
theoretical oxygen demand (ThOD) of approximately 5 mg/L. The details of the calculated
ThOD and the amount of test substance used to measure biodegradability in the CBT are
listed in Table S1.

Effluent from wastewater treatment plant was collected at municipal wastewater
treatment plant in Tallinn, Estonia (Paljassaare wastewater treatment plant, 59°27'55.5” N
24°42'08.8"" E). Results from each run were accepted if the following criteria were met:
(i) the difference in extremes of replicate values at the plateau is less than 20%, (ii) oxy-
gen concentration in test series bottles must not fall below 0.5 mg/L at any time, and
(iif) sodium acetate in reference series must be degraded >60% by day 14. Blank bottle
oxygen consumption was also monitored to avoid the possibility of the system turning
from aerobic to anaerobic.

4. Conclusions

Thirty-two 5-piperazine-containing 1,3-oxazole-4-carbonitriles were rationally de-
signed and synthesized in yields ranging from 68% to 83%, and their structures were
confirmed by 'H and *C NMR spectroscopy, HPLC, and elemental analysis. In vitro
cytotoxicity assays (WST-1) identified compounds 7a, 7b, and 8aa as lead candidates,
demonstrating reproducible micromolar activity against neuroblastoma cell lines (Kelly
and SHSY5Y) while maintaining low toxicity toward non-malignant HEK293 cells
(ICs0 > 10 uM), resulting in favorable selectivity indices (SI > 5.9). Notably, compound 7b
displayed potency comparable to doxorubicin in Kelly cells but with substantially reduced
cytotoxicity in HEK293 cells. Across a broader cancer panel, 7b retained low-micromolar
IC5 values, indicating activity in rapidly proliferating tumor cell types.

In silico molecular docking suggested favorable binding of compounds 7a, 7b, and
8aa to the ATP-binding site of Aurora A kinase in complex with N-MYCN, with calculated
binding free energies comparable to that of ADP, supporting Aurora A as a plausible
molecular target. Additional predicted interactions with cyclin-dependent kinases (CDK4
and CDK?) raise the possibility of a multi-target mechanism involving both mitotic and
transcriptional or cell-cycle-associated pathways.

Predicted ADMET profiles indicated acceptable physicochemical properties and mod-
erate clearance, although potential hepatotoxicity comparable to doxorubicin and limited
biodegradability under OECD 301D conditions were observed, reflecting common trade-
offs at the hit-to-lead stage. Overall, compounds 7a, 7b, and 8aa represent promising
lead structures for further preclinical investigation against neuroblastoma, with potential
relevance for other rapidly proliferating solid tumors. The favorable in vitro selectivity and
predicted multi-target binding profile provide a strong rationale for continued optimization
and targeted mechanistic validation.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms27041936/s1.
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